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Preface

Nowadays, additive manufacturing (AM) and subtractive manufacturing (SM) offer
numerous advantages in the production of single and multiple components, offer-
ing incomparable design independence with the facility to manufacture compo-
nents from a wide range of materials, polymers, metals, composites, and so on. AM
and SM are used to fabricate products in several industries: aeronautic, automotive,
biomedical, and others. Therefore, the progress in AM and SM is very important for
the modern industry.

This volume aims at providing recent information on progress on advances in
additive and subtractive technologies in nine chapters. Chapter 1 of this book pro-
vides information on emerging trends in AM and SM. Chapter 2 is dedicated to the
fused deposition modeling using polylactic acid (PLA), thereby improving the per-
formance (state of the art). Chapter 3 describes the development of the basic drill
design for cored holes in AM and SM. Chapter 4 contains information on AM of
magnesium alloys. Chapter 5 is dedicated to AM for patient-specific medical use.
Chapter 6 describes stereolithography and its applications. Chapter 7 contains infor-
mation on ultrasonic-assisted deep-hole drilling. Finally, Chapter 8 contains infor-
mation on information and computational modeling for sustainability evaluation
and improvement of manufacturing processes.

This volume can be used as a research book for final undergraduate engineer-
ing course or as a topic on AM and SM at the postgraduate level. Also, this volume
can serve as a useful reference for academics, researchers, mechanical, materials,
production and industrial engineers, and professionals in AM and SM and related
industries. The scientific interest in this book is evident for many important centers
of the research, laboratories, and universities as well as for industry.

I acknowledge De Gruyter for this opportunity and professional support.
Finally, I would like to thank all the authors who contributed for this book.

J. Paulo Davim
Aveiro, Portugal
November 2019
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Prasanta Sahoo, Suman Kalyan Das

1 Emerging trends in additive
and subtractive manufacturing

Abstract: The manufacturing sector has experienced a rapid advancement in the
last few decades. From the popularization of computer numerical control machines
as the face of traditional machining to the development of additive manufacturing
(AM), it has been an open field in a series of innovations. Although AM is promising
in terms of material savings and generation of complex parts rapidly, it cannot be a
replacement for the conventional machining process, which seems better in terms
of mass production. Thus, a hybridization of both the technologies seems to offer
an optimal solution with respect to increased productivity and efficiency. Besides,
improvement in information and communication technologies, Internet of things
(IoT), robotics, and so on makes the manufacturing process self-sufficient and fully
integrated. Besides, collaborative manufacturing systems are now a reality that re-
sponds in real time to meet changing demands and conditions in the factory, in the
supply network, and in customer needs. All these have paved the roadmap for the
implementation of Industry 4.0 (4th industrial revolution).

Keywords: Additive manufacturing, subtractive manufacturing, 3D printing, stereo-
lithography, fused deposition modelling

1.1 Introduction

In the past few decades, few industries have been impacted by rapid advancement in
technologies quite like manufacturing has. The ever-increasing demand for advanced
products along with the pressure of cost reduction has led to a competitive attitude
among the industrialists, which may be cited as one of the primary reasons for infu-
sion of innovation in the manufacturing sector. Manufacturers have been faced with
an “evolve-or-die” ultimatum as customers expect faster rates of innovation. Hence,
apart from the traditional machining, things such as additive manufacturing (AM)
techniques, smart manufacturing, and agile manufacturing, have been embraced by
the manufacturing community, and continuous effort has been put to increase the ef-
fectiveness of these techniques. AM is the fast upcoming technology that has already
proved its mettle and is responsible for transforming how products are designed
and produced. It has gained popularity through other names such as 3-D printing,
rapid prototyping (RP), additive layer manufacturing (ALM), and solid freeform fabri-
cation (SFF) and has begun to be incorporated even in our daily lives. Subtractive
manufacturing (SM) belongs to more of the conventional manufacturing techniques

https://doi.org/10.1515/9783110549775-001
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based on machining of materials. Computer numerical control (CNC) is the modern
machine for carrying out SM. As the advancement in the field of AM has been phe-
nomenal in the past couple of decades, this chapter emphasizes more on its current
trends and techniques. Figure 1.1 illustrates the basic philosophy of SM and AM.

The basic idea of AM is to first create the CAD (computer-aided design) model of the
object to be build. The CAD model is sliced into individual layers. The object is then
built by AM progressively layer by layer. Hence, it is obvious that costly jig and fix-
ture, other equipment and processing which are normally required for any conven-
tional production processes are eliminated in this case. According to the joint ISO/
ASTM standard [1], AM is defined as the “process joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufactur-
ing methodologies,” which cuts, drills, and grinds away the undesired excess from a
solid piece of material, often metal. AM processes, on the other hand, have some fol-
lowing commonalities, namely a pc to store and process the geometric information as
well as to drive the fabricator, deposition of feedstock which is administered as
points, lines, or areas to create a part [2]. Some of the advantages of AM include:

Machining

Subtractive manufacturing

Final product Waste materialStarting
material

Additive manufacturing

Starting
material

Printing

Print
nozzle

Final product

Waste material

Figure 1.1: Basic principles of subtractive and additive manufacturing (source: GAO analysis).
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i. Complex parts can be fabricated without the need of costly tooling.
ii. There is no issue of tolerances such as circularity, linearity, and perpendicularity,

which requires a major share of attention in case of conventional machining.
iii. Components can be produced as per requirement reducing the load on inventory

as well as the lead time for critical or outdated parts that need replacement.
iv. Material wastage is very less compared to SM.
v. Easy building of prototypes and optimizing the design.

Due to these host of advantages, AM has found wide acceptance across a variety
of domains, such as aerospace and aviation industry, medical and surgical devi-
ces, electrical and electronics industry, defense and military applications, auto-
motive applications [3]. Fuel injector nozzles are of complex shapes and require
multicomponent assembly, which is now preferably produced through AM re-
sulting in significant cost savings [3]. It is also reported [3] that burner tips for
mixing and swirling result in energy savings as well as their service life extends
if the same are made of high-temperature materials. Now, with AM it is possible
to give complex shapes to high-temperature materials. Automobile sector has
been one of the major adopters of 3D printing. Apart from various spare parts
of brakes, clutches, and other subsystems of a vehicle, AM has had two major
points of influence on automotive applications: as a source of product innova-
tion and as a driver of supply chain transformation. AM has also penetrated
medical and dental sector, where various organs, namely, liver, kidney, heart,
ear, and nose have been produced by AM. Biocompatibility of the produced or-
gans have been significantly improved. Besides, AM has the advantage of pro-
ducing individually matched organs that can be derived from the patient’s own
medical imaging.

The inception of AM was based on production of nonmetallic parts, especially
made of plastics. This posed a hindrance in its wide acceptability as most of the
practical engineering components are metallic. However, substantial develop-
ment in AM metal processing techniques over the past couple of decades has
changed this scenario. Production of low-cost lasers, cheap high-performance
computing devices, and development in feedstock technology (for producing
metal powder) have made AM a front-runner production method [3] in today’s
world. This is also evident from the rapid movement of the commercial AM ma-
chines out of the shelves. Although AM technique is found to be a champion
among all the production methodologies, some optimization and fine-tuning
with respect to material of feedstock, produce tailor-made materials, AM pro-
cesses, surface finish, properties of the produced part in order to be able to yield
defect-free, sound, and reliable AM components. Figure 1.2 shows some actual
photographs of parts being manufactured by machining and 3D printing.
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1.2 Evolution of additive manufacturing

1.2.1 Development of 3D printing

Modern AM technology or 3D printing, as it is known, was first realized around 1975 [2].
3D Systems which was founded in 1986 is credited with selling the first commercial AM
machine SLA-I. SLA-1 as the name suggests was based on stereolithography (SLA) tech-
nique of 3D printing. Progress in laser technology and material research paved the way
for the first successful demonstration of this process. According to Bandyopadhyay and
Bose [4], “SLA is a system where an ultraviolet (UV) light source is focused down into
an UV photo-curable liquid polymer bath where upon contact, the polymer hardens.
Patterns can be drawn using the UV source to semi-cure the polymer layer. Uncured
polymer stays in the bath and provides support to the part being built. After a layer of
printing is done, the hardened polymer layer moves down on a build plate in the liquid
medium and the next layer of polymer is available on top for the following layer. This
process continues until the part is finished based on the CAD design and is removed
from the liquid medium. In most cases, further curing is needed before the part can be
touched.” The first patent of an RP system (using SLA) was obtained in 1986 [4].

1.2.2 Advancement in other rapid prototyping techniques

Apart from development of SLA-based system, other techniques of 3D printing
were also developed parallelly. Advancement in material science and associated

(a) (b)

Figure 1.2: Parts being manufactured by (a) machining and (b) 3D printing (creative commons).
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technologies led to the development of innovative AM machines that employed
materials and methods. Apart from SLS, some of the popular RP systems included
selective laser sintering (SLS), fused deposition modeling (FDM), ink jet printing,
and laminated object manufacturing.

SLS was developed in the University of Texas at Austin [4]. The material is
spread in powder form on the substrate where a laser selectively cures the powder
according to the CAD geometry. The cured layer is then lowered for spreading of
next layer of powder and the process is repeated until the desired part is produced.
The first SLS machine was realized in 1986 [4]. Around the same time, FDM tech-
nique was invented in which a thermoplastic is extruded through a heated nozzle
turning it to semimolten state, which is then deposited on to the bed by the move-
ment of the nozzle (layer by layer) to produce the part.

In 1994, the first 3D printer using an inkjet approach was released [4]. This tech-
nique has lot of resemblance to SLA. Here, the thermoplastic material (often photo-
polymer) is jetted on the build tray in thin layers. If required, the layers may be
exposed to UV light for curing. High-quality wax model could be produced though
this technique similar to investment casting.

The preceding text discusses a few of the founding RP systems that were de-
veloped around the 1980s. However, many other people around the world real-
ized the significance of these processes and started research in this field. Several
enterprises have developed their individual 3D printing equipment based on new
technologies. These developments of AM have ushered in a new era in the field of
manufacturing.

1.2.3 Transformation from rapid prototyping to additive
manufacturing

At the beginning, the capability of RP machines was limited to only producing parts
made of plastics and other polymers, and they were unable to handle metals and
ceramics. Now, the philosophy of AM is different from that of RP as the parts pro-
duced by AM is supposed to be of actual practical use [4]. Some more iterations
happened in the field of RP technology before components made of metals or ce-
ramics could be produced. Realizing the importance of metal processing, many
companies started their own ventures of developing AM machines that could pro-
duce metallic parts. An enterprise of the name of EOS made the initial metal AM
machine in around 1994 [4]. The company did experimentation on SLS technique
and came up with a direct metal laser sintering machine (DMLS) machine, which
had the ability to sinter metal powders. The machine could produce parts made of
common metals, such as stainless steel, nickel, aluminum, cobalt, and even tita-
nium alloys. The company continued its research in this direction and went on to
become one of the most successful AM companies in the world.
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Contemporary to EOS, another AM technology was tested in New Mexico,
which was capable of producing metal components. The technology was known as
laser-engineered net shaping (LENS®) [4], which employed high-intensity laser for
melting and re-solidifying the powder spread on a tray. Both the tray and laser
head being a mobile metal can be deposited on the desired locations layer by layer
until the component is produced.

Electron beam melting (EBM) is another technology, which was also being de-
veloped at around the same time [4]. The process is a modification of SLS, where an
electron beam instead of a laser melts the powder selectively on the loading tray.
Once the layer is processed, fresh powder is spread to generate the next layer and
the process is continued till the object is built. Many orthopedic implants are made
out of this technique. EBM has also been employed for the fabrication of complex
components for aerospace applications.

1.3 Evolution of subtractive manufacturing

SM is basically machining in which the raw material in the form of a rod or block
(near to the overall dimension of the desired object) is chosen, and selective and
controlled material removal is done to produce the final object. Due to the philos-
ophy of material removal, these manufacturing techniques are collectively termed
as SM. Various cutting machines such as lathe, milling machine, drilling machine,
and shaper that are employed for the material removal process are elaborated as
follows:
– Lathe: A block of material (raw material) is rotated against a harder and sharper

object also known as the cutting tool. The raw material is usually moved in the
lateral direction.

– Milling machine: The cutting tool moves in a rotary manner removing material
from the stock.

– Drilling machine: The drill bit makes contact with the material while spinning
creating hole in the manner.

– Shaper: The cutting tool removes material from the raw material while recipro-
cating against it linearly.

Single or multiple modes of machining may be required based on the complexity
(in geometry) of the part. Besides, this philosophy of producing part by machining
is applicable to any solid material such as wood, plastic, ceramic, composites, and
metal. Early machining were done manually. However, with time the process has
developed and currently machining process has been highly automatized by the in-
troduction of computer numerically controlled (CNC) machines. CNC machines use
computers to control the movement and operation of the machine tools.

6 Prasanta Sahoo, Suman Kalyan Das



Wide impetus to the machining process was given by the Industrial Revolution
in the late 1700s. Since then machining has evolved into a mature and advanced
technology. Earlier machining was a very rudimentary with people using their
hands to carve out the desired object from the raw material with frequent needs of
manual forging and manual filling of metal. During the machine age (late nine-
teenth to early twentieth century), the traditional machining processes, such as
turning in lathe, milling in miller machines, and drilling in drill presses, were de-
veloped with manufacturing of the respective machine tools. These processes are
very popular and still practiced in many parts of the world even today. Figure 1.3
illustrates some of the traditional forms of machine tools.

After World War II, new machining technologies such as electrical discharge ma-
chining, electron beam machining, electrochemical machining, photochemical ma-
chining, and ultrasonic machining were developed in the arena of SM. The earlier
machining processes were differentiated from the newly developed techniques by
coining of terms such as conventional and nonconventional machining, respec-
tively. The non-conventional machining was found to be useful particularly when
dealing with novel and improved materials which are otherwise difficult to machine
through traditional processes.

Figure 1.3: Traditional machine tools: (a) lathe (image source: Machine Tools catalogue), (b) drilling
machine (source: staticflickr.com), (c) milling machine (source: staticflickr.com), and (d) punching
machine (source: Flickr’s The Commons).
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With the advent of new technological developments, demand for accurate and
precision machining began to gather. Besides, the need for faster and bulk produc-
tion leads to the understanding that some form of automation has to be introduced
into the machining process. Post World War II, a numerical controlled (NC) ma-
chine was developed by John T. Parsons in association with MIT (Massachusetts
Institute of Technology) [5]. The project is required to fabricate aircraft components
that had complex geometries and also to find a more cost-effective way of doing it.
Gradually with time, NC was infused into the manufacturing sector and it was not
long before it established itself as the industry standard.

During the late 1970s, as computer began to be introduced for solving practical
problems of mankind in various domains, the idea that computer can also control
the machining process was floated. Soon the philosophy of CAD and computer-aided
manufacturing (CAM) was developed, which catalyzed the progress of CNC machin-
ing to become a reality. The first commercial CNC machine was produced in 1976 and
at around 1990 these machines had become the standard for manufacturing industry.
The kinds of CNC machines included CNC lathe (illustration provided in Figure 1.4),
CNC mills, CNC routers, and CNC grinders which are capable of manufacturing prod-
ucts made of plastic to steel. The initial NC machines were driven by punch codes
that had a set of codes, which were known as G-codes. G-codes stand for “Geometric
Code” and tell the machine when and how to move besides controlling its machining
operation. The early NC models were hardwired and hence it was very difficult to
modify the pre-set instructions. However, with the introduction of CNC machines, the

Figure 1.4: Photograph of CNC turning machine (Wikimedia Commons).
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computer itself could participate in the operation and control of the machine. With
time, G-codes have evolved to become very flexible allowing the operator to do real-
time adjustments if needed.

The aim of both CNC and the conventional machine is one and the same, that
is, to produce the desired part from a block of raw material. However, the primary
advantage of CNC over the conventional machine is the degree of automation in-
volved with the former. The CNC machine can be kept running without any human
intervention in case of complex jobs that require long time. Besides, high productiv-
ity, speed, and accuracy are the key advantages of using CNC-based machines. For
example, in case of conventional lathe, a skilled operator is required for a machine.
However, with CNC, a skilled operator can program and operate multiple machines.
With advancement in the networking and communication technologies and evolu-
tion of Internet, CNC machines can also be operated remotely if needed.

Now, people may argue that SM may seem to hold limited applicability in the era
when AM machines are becoming increasingly cheaper and technologically advanced.
As SM, although with the latest development is only CNC machining, one that produ-
ces part is by removing the material from a larger sized raw material. However, SM
allows one to design and manufacture using the end-use materials. SM can handle
any materials ranging from polymers and resins, composites, ceramics, wood, metals,
and others. Based on the application, a particular material can be chosen and can be
worked with to produce the part. SM seems to be suitable to manufacture objects for
small and large volume production runs. Moreover, SM can give the desired surface
finish to the object and is the preferred manufacturing process when certain mechani-
cal properties are desired.

1.4 Advantages and limitations of SM

One of the advantages of SM compared to AM is that it does not have any layering in
the object produced. The layering of the AM process may sometimes affect the micro-
structure of the final object, thereby also affecting its strength which may be a concern
in case of critical components of a system. One can obtain various surface finishes in
case of SM, which is possible by choosing an optimal set of machining parameters. The
surface finish dictates friction and wear and can be particularly important in case the
object is part of a tribological pair when integrated in the system. Besides, SM employs
surface grinding as a final step before completing a particular job. Based on the coarse-
ness of the grinder, surface roughness of the object can be varied and the desired
roughness obtained. The “stepped surface” observed in case of many AM processes is
eliminated in case of SM. However, the philosophy of material removal sometimes puts
SM under some limitations, namely undercuts during milling operation are difficult to
avoid. Moreover, machining consumes a lot of energy compared to additive process.
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One of the disadvantages of operating NC machines is that the operator must
have proficiency in G-code programming so that he/she can convert the geometric
information of the designed model into machine-executable codes. With the intro-
duction of advanced CNC machines, the tool path can be generated automatically
and hence SM prototyping is quite comparable to that made by AM [6].

Subtractive RP can produce parts with high surface finish. Their tolerances re-
garding this is comparable to components made by injection molding. Thus, the
components can be directly subjected to functional testing. Again the development
in tool path generation software enables subtractive RP to handle complex geome-
tries previously unimagined. Thus, it can be summarized that SM can handle a
wide variety of raw materials. It yields good dimensional accuracy and surface fin-
ish with repeatability, which is suitable for mass production. However, some mate-
rial wastage is also involved in machining.

1.4.1 Rapid injection molding

Rapid injection molding (RIM) is considered to be a part of subtractive prototyping.
It is a rapid manufacturing technique to ensure that production is fast and quality is
maintained. In RIM, the CAD model of the object is processed based on which the
mold is manufactured by machining (milled). The mold is generally made of alumi-
num which gives an advantage regarding reducing the time for making the mold as
well as tooling costs as would have been incurred in case of traditional steel molds.
Once the mold is finished, thermoplastic resins are injected in it, which upon solidi-
fication produces the prototype [6]. These prototypes can be subjected to full func-
tional tests and can also be tested for proper fittings and assembly. Besides, the
molded parts have good surface finish and hence don’t require any post-processing
steps. The features of RIM can be visualized as follows:
– Production of prototypes in production-grade resin in 3–5 weeks.
– Any engineering-grade resin of any color can be employed.
– The molded parts are strong and be tested functionally.
– Implement bridge tooling – molds can be used for 1,000s of parts.
– If desired molds can have textures.

1.5 Current state of AM and its impact on industry

AM has proven itself and has become matured enough to be accepted by the in-
dustry. Its advantages compared to SM have grabbed the eyeball of many indus-
tries. In summary [4], AM process initiates with the production of the CAD model
of the component. The CAD model is transformed into STL (STereoLithography or
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Standard Tessellation Language) file, which is in general the file type recognized
by most AM machines. After that the system splits the model into multiple layers
in an orientation, which is easiest to build and at the same time the part remains
stable when its manufacturing is underway. Then the desired material in various
forms are deposited and binded layer by layer to produce the component. By this
methodology intricate shapes can be produced with relative ease and using a
wide variety of materials. Because of its ability of producing complex geometries,
the potential for the application of AM is huge. Some of the beneficial aspects of
AM is presented as follows [7]:
I. Parts can be produced directly from the design without minimal intermediary

steps
II. Custom-made parts are possible to be manufactured with no extra tooling or

cost
III. The produced part can be put in actual function
IV. Post processing after manufacturing is minimal
V. Manufacturing of flexible and lightweight components with hollow or lattice

structure is convenient
VI. Manufacturing waste is minimal; hence, maximum material is utilized
VII. The overall product development and realization time are very less
VIII. Manufacturing can be carried out on demand, thus reducing inventory costs
IX. Excellent scalability

1.5.1 Advantages of AM

1.5.1.1 Limitless design

AM has had significant influence on the manufacturing process of many products
across various industries. AM is able to manufacture parts that were impossible to
be made through SM. As AM can manage to produce the final object without under-
going much machining and processing, intricate shapes that are otherwise difficult
to produce without the traditional methods can be made by AM [4]. This gives the
flexibility to the designer, who can focus on the functional aspect without paying
much heed to the manufacturing aspects. The designer has only to monitor the
overall size of the object and whether it can be fit in the AM machine. Apart from
the machine, no major tooling is required for AM. However, for some objects post
production machining may be required to obtain the desired surface finish. As AM
does not generate much material waste, the problem of disposing the waste mate-
rial is also not a problem. Statistically it is reported that AM can reduce the material
usage by about 75% which in turn can reduce the manufacturing time and cost by
around 50% [4]. The enormous savings possible by AM have made the process at-
tractive to manufacture around the world.
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1.5.1.2 Versatility in manufacturing

Versatility in building parts is another aspect that makes AM process so lucrative.
Reworking on parts is very easy in case of correction of flaws and changing the de-
sign for optimal use. This can be very difficult in case of manufacturing methods.
Thus, AM can make working prototype very quickly, which can also be tested to see
whether it can serve the intended function. Thus, as previously mentioned, compo-
nents can be manufactured as per requirement. The designer can also modify the
design or try a design optimization. Moreover, if a requirement for a custom-made
part comes up, it can be delivered very quickly without disturbing the normal
manufacturing process [4].

1.5.1.3 Obtaining enhanced performance by alternating material

Nowadays parts made of various materials such as plastics, metals, composites,
and ceramics can be made with AM. However, plastics remain the most popular ma-
terial as they have been the most studied and researched AM material. Work is also
underway to investigate whether AM can be used as a material processing tech-
nique, so that materials with desired combination of properties can be developed.
AM has been employed to bond metals and ceramics to create composited with en-
hanced wear resistance properties [4]. Through AM it is possible to produce a layer
of coating on a particular material to increase its thermal and wear resistance,
which may otherwise be very poor. Moreover, in case of a component that has bro-
ken or some of its material removed, AM can be used to bond the parts together or
it can add material just at the desired location to restore the functionality of the
part. Thus, the maintenance cost can significantly brought down by adopting AM
as the parts needed can be discarded [4].

1.5.2 Incorporation of AM in modern manufacturing

The versatility of AM has led the modern-day industries to embrace them with open
hands. Many companies have already created facilities dedicated to AM. GE
Aviation has a facility where around 60 EBM machines and direct laser sintering
machines can be installed [4]. AM has found huge application in aerospace indus-
tries, which deal with complex part and also require high reliability. AM allows for
optimization of components, reducing their weight, lowering material loss, and
thus increasing the overall profit. A lot of other aerospace manufacturers have also
begun the induction of AM and integration of the same in their production process.
Thus, AM has started to get its due attention; however, as of now mainly big enter-
prises have installed the large AM fabricators, which can give functional parts
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(mainly metallic) ready for use. Besides, there are issues such as surface finish of
the parts as well as the material properties that are being fine tunes. But overall AM
technology has matured enough to be able to produce components ready for use.

1.5.3 Growth of CAD: impact on manufacturing

The philosophy of CAD is to make use of computer systems for the creation, alter-
ation, and analysis of a design. Ivan Sutherland is credited with the development of
the first CAD software in 1960s, whereas PRONTO is the first commercial CAD soft-
ware. The present day has seen the growth and commercialization of various CAD
packages. Some of the popular CAD software are SolidWorks, Autodesk Inventor,
Catia, Creo, and others. In the contest of AM, CAD has found its importance sky
rocketed. One of the revolutionary aspects of AM is that it is capable of producing
ready-to-use objects from CAD model. Development in CAD now makes possible to
virtually design anything. Any theoretical model can be converted into digital form.
The CAD file is converted to STL file and the part is produced by the AM method.
Due to this people can now design more complex and efficient components. Even at
the development phase of CAD, designers still had to keep in mind the manufactur-
ing aspects of the design while designing components. However, that constraint
has now been lifted.

1.5.4 Current manufacturing challenges

Although lot of optimism is prevalent about AM, there are major hurdles that have
to be crossed, so that the technology receives extensive acceptance. Some of the
prominent challenges are mentioned as follows [8]:

1.5.4.1 Deficiency in AM-compatible design knowledge

Although AM is able to convert any product design to reality, a certain amount of
rethinking is required to apprehend the full potential of the technology. In case of
manufacturing by AM, first of all the model should be oriented in its most stable
position. Moreover, in case of overhanging parts, supporting may be required.
Thus, the design should have the necessary compatibility to be manufactured by
AM methodology. Besides, the design can be made so that unnecessary materials
can be eliminated to the best extent possible. Reinforcements if required can also
be planned in the design itself as AM doesn’t suffer from the limitations of SM or
traditional machining.
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1.5.4.2 Higher manufacturing cost

One of the major obstacles for the extensive use of AM is its higher manufacturing
costs. The cost structure of AM and SM is significantly different from each other. In
case of AM the tooling costs like that experienced in case of SM are not experienced.
However, these costs (in SM) can be managed and the process can be made cost-
effective if the volume of production is increased. In case of AM, an initial cost esti-
mate is based on cubic centimeters of the product manufactured. The cost factors
involved in AM can be listed as follows:
– cost of AM machine
– material cost
– energy cost
– post-processing cost

It has been studied that with polymers and plastics, the volume threshold where
AM is profitable is increasing. But in case of metals, AM incurs more production
cost compared to conventional machining.

1.5.4.3 Restricted industrial scaling of AM

Even after the adoption of AM worldwide, large-scale production with AM is almost
nil or observed in a very few cases. One of the reasons for this is that AM machines
are more suited for prototyping. Production in series or large-scale production is
still not profitable with AM. Many components are too big to be produced with AM.
A handful of instruments can be found around the world, which can handle large
components but they too are stand-alone systems working with a single material at
a time. GE Aviation is one of the few enterprises that has employed AM for large-
scale production of fuel nozzles for turbofan engines. However, adoption among
others is very slow. Thus, there is a need to develop the AM machines suitable for
large-scale production. For these to happen, the production costs need to be low-
ered. Besides, the AM system should have features such as process stability, quick
changeovers, in-process quality control, and higher reliability. The system should
also be easy to maintain and repair in case of breakdown.

1.5.4.4 Threats on cyber security and IP rights

AM systems relying largely on digital and computer-based systems are vulnerable
to some risks of which the SM are almost free of. There are risks of the design being
stolen as the actual parts are produced from a digital CAD file. There are chances of
the design being copied even from the actual model (if it is replicable) after it is
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produced and sold. Besides, as the data is stored digitally in the computer or some-
times in cloud to have better communication between the supplier and the cus-
tomer, there looms a danger from cyber-attacks. Detailed discussion regarding this
is presented in one of the following sections.

Some of the other general challenges faced in AM [7] lies in the development of
a robust, autonomous, user-friendly, safe, and integrated system so that parts can
be manufactured quickly and with the necessary accuracy (dimensional). Besides,
the surface finish of the finished product should be acceptable and the overall pro-
cess should not consume too much amount of energy. Variations in the quality of
the product from machine to machine as well as from batch to batch are again a
challenge and result mainly from the lack of a proper understanding between the
AM process parameters and the product quality. In case of metallic objects, preven-
tion of surface oxidation is another factor that should be kept in mind, otherwise
the product quality may suffer. Providing inert gas atmosphere is one of the solu-
tions currently in use against oxidation. Apart from this, metals require higher laser
power in comparison to polymers, which add to the overall cost of the AM process.
Table 1.1 lists some of the technological limitations of AM.

One of the promising aspects for AM is that companies that manufacture AM systems
are actively engrossed in improvement of their machines. Many technical institutes,
R & D laboratories, and government organizations are also showing interest in AM
technology and trying to address the limitations of the process in their own way. This
way the workforce is getting trained, and the skill gap for AM compatible design is
also getting gradually bridged. Next-generation machines are expected to reduce the

Table 1.1: Technological limitations of AM [8].

Design and engineering Manufacturing Service

Lack of design knowledge
(e.g., long-term performance
of materials and design for
D printing

High production costs (e.g.,
material costs and limits on
production speed)

Lack of industry-specific
testing procedures (e.g.,
for production processes)

High risk of design pirating
through users

Limitations on size (for specific
AM technologies)

Lack of structural
regulations in supplier
networks

Limitations on product quality
(e.g., in range and combination
of materials, resilience, and
surface finish)

Risk of supply chain
disruption

Dependence on small number of
machine suppliers
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production cost of AM due to the fact of patent expiration of many related technolo-
gies. Moreover, due to improvement in the accuracy of the parts, post-processing
needs are also getting reduced.

Manufacturers of AM machines are improving in-process control of the ma-
chines as well as incorporating advanced quality diagnostics into the system. These
are some progressive steps toward making AM suitable for large-scale production.
According to some manufacturers of large AM machines, the material properties of
the products obtained from AM are quite comparable to that obtained through SM
techniques.

One of the vital needs of AM is the availability of good quality raw materials
with desired properties. Low-quality materials result in bad parts unsuitable for the
application for which they are made. Polymers frequently used in AM such as
nylon, acrylonitrile butadiene styrene (ABS), and polyether ether ketone (PEEK)
have been improved with them becoming more heat resistant and displaying more
compatibility to the AM process. Parts made with these materials also show im-
proved strength and reliability. Metals such as steel, aluminum, titanium, as well
as precious metals such as gold and silver have also been developed to be suitable
for manufacturing through AM pathway.

1.5.5 Other issues in manufacturing

1.5.5.1 Projection-based manufacturing issues in large-scale production

Through large volume production, the standard distribution of goods and products
can be carried out [4]. Large volume productions require a strong inventory and can
yield cheaper products as well as higher production rates. However, this system has
some limitations. If a projection-based manufacturing philosophy is adopted, it can
result in wastage of goods in case projection is not accurate as demand does not
remain constant and are vulnerable to change because of various reasons. This can
further lead to loss of jobs. The above problem can be easily solved if parts were
produced on demand.

1.5.5.2 Issues related to centralized manufacturing

If a product is mass produced in a particular country, then rest of the world is de-
pendent on that country for supply of that product. Now, if a country gets affected
by some unforeseen issues such as natural calamity or war, the supply of the prod-
uct gets influenced or at worst gets stopped. This has already been experienced in
automotive industry when Japan was struck by the deadly tsunami in 2011 [4]. This
situation can be avoided if the production process is distributed across various
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regions and across the world. Now, distribution of the production process is related
to the concern about the degradation of the product quality. With AM, however,
this issue can be handled as if the CAD model is shared and equipment available,
then quality products can be produced.

1.5.5.3 Generalized designs preferred for business

The existing philosophy of production is to manufacture goods that are of interest
to majority of the people in the society. Initially a market survey is conducted to
note the choices and preferences of the people. After that based on the general
choice, the specification of the product is decided. Finally, the product is manu-
factured and made available in the market. Thus, it may so happen that in many
cases the available product does not exactly fit the needs of a particular customer
[4]. The manufacturers also try to fit their designed product within the specifica-
tion given to them and hence end up making products that are not optimal as the
information given to them may not be always reliable. Moreover, when dealing
with large-scale industrial manufacturing system, it may be really challenging to
produce custom-made products as the tooling and other related accessories are
fixed and recognized. Hence, through this system of manufacturing, the customer
settles for a product which is just adequate but not perfect. Through the advent of
CAD and AM, this problem can be solved; as customized products can be pro-
duced quite easily, people getting their perfectly suited product is only a matter
of time.

1.6 Various AM techniques

The various techniques of AM have been briefly described in this section. Utilizing
the techniques wherever suitable, AM has had a great advancement which is con-
tinuing with the advent of newer techniques.

1.6.1 VAT photopolymerization

When a photopolymeric resin is exposed to UV light, it gets cured and thus hard-
ens. This technique has been widely implemented to manufacture products in an
additive manner [9]. To simply put, a vat of photopolymeric resin is cured by UV
light according to the sliced geometry of the CAD model. Subsequently, the next
layer of resin is introduced and cured and process is continued until the total
model is realized.
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1.6.1.1 Stereolithography

In SLA, a vat of resin (photopolymer) is exposed to UV laser due to which the resin
gets photochemically solidified based on the layer of the CAD model. Once solidi-
fied, the platform with the vat is lowered to the thickness of one layer (around
0.05–0.15 mm) and new layer of resin is spread on top of the previously processed
one. Likewise, the process is repeated till the solid object of the CAD model is ob-
tained. The solid object is again cured by UV light so that their mechanical proper-
ties are enhanced. Finally, the completed part is washed with a cleaning agent to
remove the wet resin from the surface of the object.

1.6.1.2 Direct light processing

Direct light processing (DLP) technique for producing parts is almost similar to SLA
method except that the former employs a more conventional source of light such as
an arc lamp with a liquid crystal display panel. The panel is fitted such that it cov-
ers the entire surface of the vat with resin. During building, the 3D layered image of
the object is displayed on the resin layer with the help of the projector. The exposed
part of the liquid resin gets hardened. After that, second layered image is cast on
the fresh layer of resin. The process is repeated until the 3D model is complete and
the vat is drained of liquid, revealing the solidified model. DLP AM is faster and can
print objects with a higher resolution.

1.6.2 Powder bed fusion

Powder bed fusion (PBF) employs the principle of fusion (sintering or melting) of
material in powder form using a thermal source of energy (usually laser or electron
beam). Layer-by-layer sintering is done sequentially to finally give rise to the object.
Spreading of powder in thin smooth layers is done by a mechanism using either a
roller or blade that is integral to PBF system. Once the part is finished, it is covered
in loose powder from which it is taken out and cleaned. Through PBF, plastic as
well as metallic parts can be produced.

1.6.2.1 Selective laser sintering

SLS is a PBF process that employs a laser power source to heat and fuse the pow-
dered material (typically nylon or polyamide). Arrangement is made so that the
build platform is lowered to a single layer thickness so that the next layer of powder
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could be spread and processed. Upon completion of the job, the part is cleaned and
subjected to post processing if required.

1.6.2.2 Selective laser melting and direct metal laser sintering

Both SLM and DMLS are used to produce metallic parts. SLM is nearly of the same
concept as SLS but only the powder is fully melted in case of the former. It is to
noted that the metallic powder must be prepared nicely so that the granules are
perfectly shaped in order to even out while spreading. As the powder is melted
and re-solidified, it allows the formation of new crystal structure in the material.
Porosity can also be redefined in the solidified material. Thus, further costly and
time-consuming post-treatment steps are eliminated. Also through SLM, fully dense
parts can be produced in a direct manner. In case of DMLS, the metallic powder is
heated until they reach near melt temperature but not melted. Under this condition
the powders fuse together chemically. DMLS can work with alloys, however, the
common material used in DMLS is aluminum or titanium powder. Ultra-thin layers
of fused powders are produced one on top of each other. Support structures may
sometimes be required while fabricating parts by SLM or DMLS based on the geom-
etry of the object.

1.6.2.3 Electron beam melting

In EBM, metal powder is completely melted and fused using a concentrated beam
of high-energy electrons. Through local meting and re-solidification, the sliced ge-
ometry of the object is obtained. A vacuum atmosphere is preferable so that elec-
trons don’t collide with the gas particles. Besides, oxidation can be eliminated if
the process is carried out in vacuum. The advantage in using this process is that it
generates lesser amount of residual stresses resulting in lesser distortion and warp-
ing. Thus, requirement of support structures is less. EBM is also an energy-efficient
process and can produce parts faster than SLM and DMLS.

1.6.2.4 Multijet fusion

Multijet fusion is a more cost-effective way to 3D print complex parts very quickly. At
first, a thin layer of powder is spread on the platform. Then droplets of the fusing
agent along with the detailing agent are deposited from a nozzle based on the required
geometry of the part. The detailing agent inhibits sintering and is spread near the edge
of the part. After that thermal energy is applied to fuse the powders where the fusing
agent was spread. This is repeated layer by layer to give rise to the geometry.
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