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Abstract
In today’s era, additive manufacturing (AM) is attracting unparalleled attention across the globe. From initial obscurity, 
today there is practically no sphere of life untouched by this technology. The quantum of research in this field has witnessed 
overwhelming growth which in turn leads to impressive newer developments at almost regular intervals. AM has emerged 
from rapid prototyping and is today utilised in fabricating large number of end products. These consistent advancements lead 
to emergence of newer research fields and challenges that demand attention. It is also interesting to observe the spectrum 
of AM applications that have grown over years. This article exhaustively reviews the various AM applications in different 
sectors such as aerospace, repair, automobile, healthcare, retail, etc. and is aimed to provide the readers a deep insight into 
the probable unexplored areas through an extensive literature analysis. Recent trends and future outlook of AM in various 
industrial sectors have been suitably discussed.

Keywords  Additive manufacturing · 3D printing · AM applications · Aerospace · Defence · Automobile · Medical · 
Construction

1  Introduction

Fourth industrial revolution “Industry 4.0”, predicts that 
newer emerging technologies capable of replacing conven-
tional manufacturing processes would be able to produce 
one component/ part as economically and efficiently as in 
mass production [1]. One of these novel techniques is addi-
tive manufacturing (AM) which is capable of developing 
objects in lesser time and complications in comparison with 
conventional techniques [2–4]. AM techniques are an impor-
tant genre of global advancement of key manufacturing tech-
nologies [2]. Immense success of AM techniques is based 
upon numerous advantages offered by them which include 
but are not limited to: non-requirement of multiple set ups 
for part fabrication, negligible operator intervention (mainly 
supervisory), great flexibility to manufacturing dynamics, 

considerably reduced set up and machine preparation time, 
reduced noise pollution, non-smoky, ease of using them 
from home, impressive application spectrum, versatility 
in making process chains with traditional methods, lesser 
lead times, negligible scrap and material wastage, enhanced 
savings, ability to fabricate complicated and intricate parts, 
improved qualities, freedom from tools/jigs and fixtures, etc.
[5–9].

Owing to numerous benefits of AM techniques, its appli-
cations in different sectors are increasing continuously. 
Today, applications of AM can be seen/ visualised in almost 
every field of day to day life. Quite a few interesting review 
works have been reported in the area of AM applications 
[10–20] which are mainly focussed on a particular appli-
cation area in a broader way. AM has enormous research 
potential. This article provides the basic and comprehensive 
review of recent progress in applications of AM techniques 
in different sectors. Detailed study and critical analysis of 
the available literature especially research articles (Scopus 
database), standard reports and industrial case studies has 
been undertaken in the course of writing the article.

This article systematically reviews various recent trends 
in AM applications. Different aspects are presented logically 
in this review work. Initial section is devoted to introducing 
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the AM processes and their rationale. Then, a brief discus-
sion of the classification of AM techniques is presented. 
Subsequently, classification of AM machines with respect 
to the application levels is discussed. This is followed by 
details of AM applications in various fields such as visuali-
sation, aerospace, repair, automobile, medical, construction, 
and retail industries. Then, discussion and future outlooks 
of AM applications have been presented. The article finally 
concludes with a well-drawn summary. The intent of current 
article is to bring forth the unexplored application areas to 
optimally utilise the advancements in the field of AM for 
benefits of humanity.

2 � Classification of AM technologies

Numerous AM techniques are in practice/ research at pre-
sent which rely on different working principles. These have 
been categorised by various researchers on different basis 
[6, 9, 21–23]. These bases can be application levels, type 
of machine used, physical state of input raw material, stl 
data transfer mechanism, working principle/ underlying 
technique, state of raw material during component fabrica-
tion, technique employed for addition of subsequent layers, 
energy source, raw material type, material delivery system 
utilised, ASTM F42 guidelines, etc. Classification on the 
basis of ASTM guidelines is one the most important basis 
and is globally accepted. The AM processes are classified 
into seven main categories based upon ASTM guidelines. 
These seven categories include vat photopolymerisation, 
powder bed fusion (PBF), material extrusion, material jet-
ting, binder jetting, sheet lamination, and directed energy 
deposition (DED). These categories/processes are briefly 
discussed in this section.

2.1 � AM processes based on Vat 
photopolymerisation

As per ISO/ASTM: “Vat photopolymerisation is an additive 
manufacturing process in which liquid photopolymer in a vat 
is selectively cured by light-activated polymerisation” [24]. 
In its simplest working, a photopolymer which is a curable 
resin is collected in vat which is cured either by visible or 
UV light that locally solidifies it into a layer. Layer by layer 
manufacturing is done by repeating the cycle to form 3D 
objects. The schematic of vat photopolymerisation process 
is illustrated by Fig. 1.

Enhanced accuracy and surface finish, simplicity of laser 
utilised, defect free layers, better speeds, bigger build vol-
umes, etc. are some desirable aspects of vat photopolymeri-
sation process [25–29]. A few limitations of this process 
include: need of support structures, post curing, recoating 
blades cost, post processing cost, restricted raw material 

availability, etc. [2]. Vat photopolymerisation processes 
utilise polymer as well as plastic materials especially UV-
curable photo polymeric resins.

2.2 � AM processes based on PBF technique

PBF has matured over a span of time in terms of research 
and development. In PBF, a high energy power/ heat source 
(thermal printing head/ laser) is utilised for selective melting 
and consolidation of materials (powdered form) to develop 
3D objects. It thus basically involves even spreading of pow-
der material layer upon bed by employing a roller or rack 
mechanism. This is followed by selective sintering or melt-
ing the powder layer using a laser or electron beam [30]. The 
cycle concludes with lowering of build platform followed by 
spreading of new layer. A schematic shows the PBF system 
in Fig. 2.

PBF can be categorised into laser beam-based PBF 
(L-PBF) and electron beam-based PBF (E-PBF) techniques 
depending upon power source type. Despite similarity in 
working principle, these two categories have difference in 
processing steps. In the case of E-PBF, the electron beam 
provides energy through the collision of high-velocity elec-
trons and metal particles, whereas, in the case of L-PBF, 
sintering/melting of the powder material is done by absorb-
ing the radiation energy of the laser beam [31]. Processes 
that come under L-PBF systems are direct metal laser sinter-
ing (DMLS), selective laser sintering (SLS), laser CUSING, 
selective laser melting (SLM), etc., while electron beam 
melting (EBM) falls under E-PBF system.

PBF offers numerous benefits including: no need of sup-
port materials, separate preheating and cooling chambers 
to speed up the process, high productivity, easy nesting, 
lesser cost and time requirements, etc. [32–37]. Wide range 

Fig. 1   Schematic of vat photopolymerisation [25]
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of materials can be processed via PBF processes. However, 
some special class of materials which offer high suitability 
to be processed via PBF include polyamide, thermoplastic 
materials, materials based on polystyrene, metals such as 
Ti-6Al-4V, Inconel, steels, etc. [38–44].

2.3 � AM processes based on extrusion

As per ISO/ASTM: “Extrusion-based AM process is that in 
which material is selectively dispensed through a nozzle or 
orifice” [24]. To fully understand this process, it is impera-
tive to understand the extrusion-based processes with respect 
to raw materials, mechanism; process parameters, system 
modelling, nozzle design, different extrusion-based tech-
niques and variants, etc. Fused deposition modelling (FDM) 
is the common extrusion-based process whose schematic is 
illustrated by Fig. 3.

Extrusion based processes have various applications 
including but not limited to concept models, fit and form 
models, models used for indirect AM, investment cast-
ing, etc. Parts can be generated economically at an appre-
ciable pace [9, 45–54]. Toxic chemicals are not involved 
here. FDM applications can also be utilised to obtain metal, 
ceramic, multi-material as well as metal-ceramic parts, 
highly-filled polymeric materials (HPs) and multi-material 
(MM) extrusion-based processes [9, 55].

2.4 � AM processes based on material jetting

As per ISO/ASTM: “Material jetting (MJ) is an AM 
technique involving selective deposition of build mate-
rial droplets” [24]. To fully understand this process, it is 
imperative to understand the material jetting processes 

with respect to raw materials, mechanism, process param-
eters, droplet formation techniques, system modelling, 
nozzle design, different material jetting techniques and 
variants, etc. Schematic of material jetting process for a 
typical production of 3D printed drug product is illustrated 
by Fig. 4.

Ability to utilise multiple printing heads, better surface 
properties, ease of operation, safety, absence of need to post 
cure, parts with homogeneity in mechanical and thermal 
properties, etc. are some desirable aspects of powder bed 
fusion process [57]. A few limitations of this process include 
constraint on build rates, lesser build volume, expensive raw 

Fig. 2   Schematic of PBF process: a SLM; b EBM [32]

Fig. 3   Schematic of FDM process
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materials, requirement of support structure, increased build 
time, etc.

2.5 � AM processes based on binder jetting

As per ISO/ASTM: “Binder jetting processes are those in 
which a liquid bonding agent is selectively deposited to join 
powder materials” [24]. Binder jetting was initially devel-
oped and patented by Sachs et al. [58] in 1993. It offers a 
unique platform to fabricate high value products including 
ceramics, and other materials that are difficult to fabricate 
using other AM techniques. To understand simply, the mate-
rial in powered form is spread over the build substrate and 
binder is injected over it via single or multiple nozzles, glu-
ing the powder together. A thin layer of powder is developed 
via the movement of nozzle according to a fixed path and 
thus a 3D object is formed [32, 59–61]. The schematic of 
binder jetting process is illustrated by Fig. 5 and the main 
steps of a particular binder jetting process are shown in 
Fig. 6.

The main advantage of binder jetting is that particles bond 
at room temperature which prevents dimensional deforma-
tion of the parts due to thermal effects [64]. Furthermore, 
binder jetting produces dense structures with large build vol-
umes and high resolution and non-requirement of support 
structures. Also, wide range of raw material compatibility, 
higher build volume and process speeds, cheaper binders 
and raw material, ability to develop coloured parts using 
multi-colour binders, etc. are some more favourable aspects 
of binder jetting process [65–73]. The mechanical proper-
ties of parts produced using this process are not suitable for 
high-end applications and are considered a major drawback 
of binder jetting. In addition, elaborate post processing at 
multiple steps, de-powdering disturbances, porosity defect, 
etc. are another serious concerns [2].

2.6 � AM processes based on sheet lamination

As per ISO/ASTM, “Sheet lamination is an AM process in 
which sheets of material are bonded to form a part” [24].

Fig. 4   Schematic of material jetting [56]

Fig. 5   Schematic of binder jet-
ting [62]

Fig. 6   Steps of binder jetting process [63]
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Sheet lamination is a process that uses thin metal sheets as 
a feedstock material to create 3D objects. In this process, 
thin metal sheets are cut into desired sizes and then joined 
layer by layer together using various energy sources such 
as diffusion bonding, ultrasonic consolidation, laser weld-
ing, brazing, or resistance welding, etc. [74]. During sheet 
lamination, the hardware provides two ways to fabricate 3D 
parts such that the thin sheet can be joined after pre-machin-
ing/cutting as per the geometric requirements or it can be 
machined/cut after joining. Processes that fall under this 
category are ultrasonic consolidation (UC) and laminated 
object manufacturing (LOM). The schematic of one kind 
of sheet lamination process (LOM) is illustrated by Fig. 7.

Sheet lamination offers following benefits: low geometric 
distortion, good surface finish, non requirement of support 
structures, increased manufacturing speeds, low cost, ability 
to produce large structures, no chemical reaction, etc. [76, 
77]. A few limitations of this process include poor tensile 
and shear properties owing to inferior bonds at interfaces, 
swelling effect, inferior surface finish, less dimensional 
accuracy, non-reusable waste material, etc.

2.7 � AM processes based upon directed energy 
deposition

As per ISO/ASTM, “Directed Energy Deposition is an AM 
process in which focussed thermal energy is used to fuse 
materials by melting as they are being deposited” [24]. This 
process is characterised by creation of a molten feedstock 
material pool due to energy from focused energy source 
(laser beam, electron beam, or electric arc) which is sub-
sequently deposited. This causes the feedstock materials to 

fuse and join to form layer-by-layer structures. The feedstock 
material is deposited using a nozzle with a focussed energy 
source as the filler material. This technique resembles weld-
ing techniques, where the feedstock material is deposited 
into a molten pool covered by a gaseous shield. DED pro-
cesses are further classified as powder-DED and wire-DED 
depending on the feedstock material. The schematic of DED 
process is illustrated by Fig. 8.

In the case of powder-DED, the powder feedstock mate-
rial is deposited coaxially with the laser head, whereas, in 
the case of wire-DED, the feedstock material is deposited 
from an independent source that is separate from the laser 
head. Processes such as laser metal deposition (LMD), laser 
engineered net shaping (LENS), laser freeform fabrication 
(LFF), direct metal deposition (DMD), etc., fall under the 
powder-DED category, while wire arc additive manufac-
turing (WAAM), shaped metal deposition, electron beam 
freeform fabrication (EBFF), rapid plasma deposition, etc. 
come under wire-DED category [79]. Utilisation in repair-
ing and cladding damaged parts, higher deposition speeds, 
larger build volumes, fabricating varied material parts with 
tailored properties, remanufacturing ability, etc. are some 
distinct desirable aspects of DED process [80–85]. A few 
limitations of this process include requirement of support 
structures, inferior accuracy and surface properties, complex 
process requiring process expertise since exposure duration 
and melting cycle need to be carefully planned, etc.

Depending on the type of materials i.e. polymer, ceramic, 
and metals, feed forms (powder, filament and sheet) and feed 
state (liquid or solid), the suitability of various AM tech-
niques are shown in Fig. 9. The details of suitability of AM 
techniques with different types of materials along with the 

Fig. 7   Schematic of LOM [75]
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details of tools, support structure requirement and specific 
AM techniques are presented in Table 1.

3 � Classification of AM machines

In usual practice, AM systems are normally named on the 
basis of application levels or process type. Additionally, 
there are a few specific terminologies utilised for nomen-
clature of these systems which is based upon infrastruc-
ture, operation and cost. These are described in detail in 

Fig. 8   DED process schematic a laser with powder feedstock; b electron beam with wire feedstock [78]

Fig. 9   Suitability of AM tech-
niques (as per ASTM classifica-
tion) with respect to types of 
materials (metals, ceramics and 
polymers), feed forms and state 
of raw material [17]
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the following section. Fabricator is the name given to an 
AM machine possessing capability of fabricating parts. 
Prototypers are those AM machines that can only make 
prototypes. Three-dimensional (3D) is the general term 
for all AM machines and these can either be personal or 
professional 3D printers. Another commonly used term 
by AM personnel is fabber, office or shop-floor/industrial 
AM machines. Fabber is low priced and small in size 
and its utility is limited to demonstrative or co-working 
requirements that may be personal or private in nature. 
Fabbers are used for prototyping, conceptual modelling 
and solid imaging. Office AM machines are used in office 
environment and their unique features include reduced 
noise, smell, simple operations, easy component handling 
as well as waste disposal, minimal post processing, etc. 
The office AM machines cater to prototype fabrication 
for primary and masters fabrication for secondary AM 
applications. Another important category of AM machine 
is industrial or shop-floor machines. These are used for 
sophisticated industrial applications and typically require 
skilled labour. It should be understood that the industrial 
AM machines are the costliest and hence calls for detailed 
economic analysis before taking a decision on their instal-
lation. Once they are installed, they can be utilised both 
for direct as well as indirect prototypes, tools as well as 
well as complete end products. The AM machines are gen-
erally suffixed by the word printer/ modeller/ fabricator/ 
3D printer. A relative comparison of the price and work-
ing skills required for these AM machines is presented in 
Table 2 [2, 21].

AM application levels chiefly refer to the type of end 
product that is obtained by utilising a particular AM process 
and can mainly be categorised as direct or indirect levels 
that further branch into prototypes, tools or end product 
manufacturing. A general perception about AM techniques 
is that the end products are mainly understood as process 
specific which is untrue and comes from the high initial cost 
accompanying these machines. An AM personnel trained 
on a particular technology might not be well versed with all 
the other techniques which is another reason for this com-
mon misunderstanding. The fact is that AM is an application 
specific field. The choice of process is clearly dependant on 
the type of application and not the other way around. This 
can be understood clearly by assimilating the information 
that a specific application can be catered to by a variety 

of routes. However, for a specific application, a particular 
process yields better artefacts as compared to remaining 
ones. To choose a particular AM technique for a particular 
product, there are three fundamental steps that are involved: 
(a) development of a precise understanding of user applica-
tion, (b) understanding intricacies of product design and (c) 
comparative evaluation of different AM techniques capable 
of fabricating that product. Above discussion clearly estab-
lishes the purpose of comprehensive understanding of the 
AM applications which in turn necessitates precise defini-
tion of application levels. These AM application levels are 
discussed in detail in the next section.

4 � Applications of additive manufacturing

Immense development in the field of AM has led to manifold 
increase in the quantum and spectrum of its applications 
[94–96]. These processes specifically find more suitability 
in fabricating intricate geometrical products in comparison 
to the traditional methods of manufacturing like machining, 
welding, forming or casting. These techniques have come a 
long way from being initially employed as visualisation and 
prototyping tools to present day tooling and manufacturing 
applications. Today, there is almost no field of engineer-
ing applications where AM techniques are not employed 
including but not limited to the sectors like automobiles, 
retail, defence, aerospace, biomedical, construction and so 
on [97–104]. This development can be attributed to the mas-
sively innovative fabric of these techniques. AM applica-
tions in various sectors are discussed in detail in the subse-
quent section.

4.1 � AM parts for visualisation

Models play a vital role in development of any new product 
and provide easy reference for 3F (form, fit and function) 
information of any engineering component. Here, function 
relates to evaluating performance, fit relates to agreement 
with pre-set dimensional tolerances and form relates to the 
part shape. Obtaining desired levels of form, fit and func-
tion lead to satisfactory shape, process and performance 
efficiency respectively. To validate any design, a model is 
always required which is normally derived from detailed 
assembly drawing of any product. Obtaining models or pro-
totypes for design visualisation is one of the most initial AM 
applications.

4.2 � AM parts for aerospace applications

AM techniques are quite prominently utilised for aerospace 
applications which emerge from their unique ability to fabri-
cate highly intricate and complicated parts [10, 105–108]. In 

Table 2   Comparison of AM machines (AMM) with respect to cost 
and working skills required

 AMM Fabber  Office  Industrial/shop- floor  

Attribute 

Cost Least Moderate High 

working skills High Moderate Least 
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the last decade, the applications of AM in aerospace sector 
has tremendously increased [109, 110]. Figure 10 presents 
the market share of different industries for AM applications. 
Components/parts fabricated via AM route for aerospace 
applications are mainly divided into two categories that are 
metallic and non-metallic in which former is used for criti-
cal parts while later is used for comparatively less critical 
parts [110–113]. In mid 1990s, Boeing and Bell Helicopter 
started utilising the non-metallic AM components for non-
structural parts. Now a days, Boeing has utilised more than 
ten thousand AM parts in military as well as commercial 
aircrafts [109].

Obtaining exact properties and shapes as specified by the 
engineering design is a mandatory requirement for aerospace 
industry to ensure safety, accuracy and effectiveness. Fabri-
cating the aerospace parts by traditional methods is a huge 
challenge owing to aforementioned reasons. Ti, Ni, Al, Fe 
and their alloys, super alloys, etc. are a few important engi-
neering materials utilised in aerospace industry. Fabricating 
highly intricate and complex geometry parts from these spe-
cial materials needs a lot of special care during manufactur-
ing [114]. Also, limited volumes of parts are required for 
most of the aerospace components which again matches its 
compatibility with AM techniques. Other factors that make 
AM techniques suitable for aerospace parts fabrication are 
safety, time effectiveness, cost efficiency, flexibility to inte-
grate changes, etc. A few important points that make AM a 
suitable technology for aerospace applications are described 
below [115]:

•	 Difficulty in fabrication:
	   As already discussed, advanced materials are used in 

fabrication of most of aerospace parts which usually pose 
difficulty in machining, fabrication, tool path planning, 
etc. if traditional manufacturing route such as injection 
molding, CNC machining, etc. is adopted. It also leads 
to increased cost and time requirements for fulfilling the 
needs of several iterations owing to complicated designs, 
functions as well as geometries. Also, the innovative and 
consistent technological advancements especially in this 
field necessitate flexibility to incorporate those changes. 
In this perspective, AM techniques cater to most of the 
challenges and are hence suitable for aerospace parts.

•	 High buy-to-fly ratios:
	   Presently, buy-to-fly ratios for aerospace parts are quite 

high which in turn leads to large quantum of material 
wastage. Again, AM has proven capabilities in material 
saving and can easily be utilised to deal with this issue.

•	 Limited production lot:
	   It is a matter of common fact that the part cost reduces 

with increase in production volume. However, owing to 
restricted number of parts required to be fabricated in 
this sector as discussed above, the traditional methods are 

not economical for aerospace sector. AM techniques are 
again versatile for applications where limited numbers 
of customised parts are required. Hence, they are again 
preferable over conventional methods for aerospace parts.

•	 Intricate geometries:
	   Aerospace parts are generally characterised by their 

intricate and complicated geometrical requirements. Sev-
eral parts have integrated capabilities. If CNC machining 
is utilised for fabricating such parts then time required is 
quite high which is followed with considerable material 
wastage. AM techniques which are also called free form 
fabrication processes have a unique ability to address the 
issues of integrated function, complexity and intricacy 
successfully.

•	 High performance requirements:
	   There is pressing requirement to reduce the emissions 

and enhance the fuel efficiency in aerospace industry. A 
probable solution is to fabricate parts from light weight 
alloys without compromising on the safety aspects. This 
means that the aerospace parts should possess strength 
to weight ratios as high as possible. Other issues like 
susceptibility to chemical environment, corrosion, wear, 
temperature variations, etc. also need to be effectively 
dealt with. AM technology offers the right solution for 
most of these issues and is thus highly suitable for fabri-
cating aerospace parts.

Several aerospace parts fabricated via the AM route are 
already in use today. A few such applications are discussed 
briefly in the subsequent paragraph.

As per Pinlian Han, about three-fourths of jet engine 
components are suitably manufactured via AM route which 
can be attributed to the intricate and complicated shapes of 
the engine parts as illustrated by Fig. 11a–d [116]. Lesser 
weights, specialised designs, etc. lead to enhanced perfor-
mance of the parts obtained by using AM techniques.

Optomec systems is a leading company and has manu-
factured several components for critical applications includ-
ing aerospace parts in addition to the components used 
in defence, electronics, and so on for more than last two 
decades. This company started making parts for aerospace 
industry since 2011 and has provided many intricate com-
plex shaped components of helicopters, jet engines, and sat-
ellites [117]. EBM systems from Arcam have the capability 
to develop different functional components of metals like 
titanium which exhibit strength and light weight behaviour 
to be used in space, military, missiles aircraft systems and 
subsystems [114, 118]. DMG Mori [119] used LMD pro-
cess to develop LASERTEC 65 hybrid additive manufactur-
ing (HAM) modeller where LMD additively deposits and 
subtractive operation is done by milling. Parts like turbine 
housing made of stainless steel constitute example of parts 
obtained from this HAM systems. It can thus be concluded 
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that many aerospace parts from AM route can be obtained. 
PBF, fused deposition modelling (FDM), stereolithography 
(SLA), 3-dimensional printing (3DP), etc. are a few main 
techniques for aerospace parts fabrication. A non-exhaustive 
list of aerospace parts fabricated using AM techniques (par-
tial/ complete implementation) is presented in Table 3.

A summary of recent and probable AM applications in 
aerospace industry is presented in Table 4.

4.3 � AM parts for repair work

AM can be also used for repair work for aircraft engine 
components in addition to their fabrication. This can be 
attributed to several reasons as explained in the subsequent 

paragraph. Aerospace parts like turbine blades, blisks, and 
so on are very expensive because of the high-performance 
materials used to fabricate them. Wear and tear of these parts 
is a common phenomenon owing to the fact that they have 
to face extreme conditions. Now it is always better to repair 
these parts rather than replacing them completely since high 
fabrication and material cost is involved. Traditionally, weld-
ing was used to repair these parts but the higher tempera-
tures that accompany any welding process lead to develop-
ment of residual stresses [115]. A few advanced welding 
techniques like electron beam welding [123, 124] or plasma 
arc welding [125] can sometimes replace conventional weld-
ing to eliminate issue of residual stresses owing to higher 
heat input but these are very expensive [126, 127]. AM adds 
material in layer by layer fashion which offers new oppor-
tunities to repair high performance metallic components. 
Hybrid AM techniques can successfully repair the damaged 
aerospace parts. A particular repair application of AM tech-
nique (LENS) is shown in Fig. 12.

4.4 � AM parts in automobile applications

Automobile industry is one of the most competitive sec-
tors in which the new designs, lower time from design to 
market, lesser time to tooling are required. Today, automo-
bile companies are coming up with new models, facelifts 
of existing designs in view to fulfil the customers’ need 
where reduced weight, safety, and aesthetics of vehicles 
play an important role [128, 129]. Reduced develop-
ment cycle time, lighter developed parts, minimal mate-
rial wastage & appreciably reduced manufacturing costs 
are integral to most of the AM processes thereby making 
them highly compatible for automotive applications [5, 
114, 130–133]. Design iterations at multiple stages are 
required to improve existing vehicle looks/performance 
and facilitate designs for new vehicle to establish process 
sustainability. This is an expensive, tedious and difficult 

Fig. 10   Market share of differ-
ent industries for AM applica-
tions [109]

Fig. 11   a–d. AM applications-jet engine depicting turbo fan, fuel 
nozzle, turbine nozzle and turbine blade respectively [116]
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Table 3   A non-exhaustive list of aerospace parts fabricated via AM techniques [120]

Part Material/technology Company Characteristics/comments

Engine chamber for the Super Draco 
launch escape system

Inconel/L-PBF Space X 3 months from concept to the first hot 
fire

Satellite propellant tank Titanium/EBAM® Lockheed Martin Space Systems Product cost reduced by 55%; TTM 
reduced by 80% using EBAM

Waveguide brackets on Juno space-
craft

Titanium/EBM Lockheed Martin Reduced lead time and cost

Leap engine nozzle CoCr/L-PBF General Electric (GE) One piece instead of an assembly of 
20 parts; Reduced weight

Turbine blades Inconel 718/L-PBF or EBM General Electric (GE) Multimaterial blades optimised for 
(a) strength and (b) heat resistance

Borescope bosses for A320neo 
Geared Turbofan™

Inconel 718/L-PBF MTU Aero Engines Tool-free manufacturing and lower 
material consumption

Cabin bracket for the A350 XWB Titanium/EBM Airbus The bionic component weighs 30% 
less than the traditionally milled 
piece

Nacelle hinge bracket on Airbus 
A320

Titanium/L-PBF EOS Saves 10 kg per ship set
Ti was used instead of steel

Buckle Titanium/metal 3D printing Airbus Ti was used instead of steel
The new ergonomic optimised design
55% reduction in weight for one 

buckle
Eurostar E3000 satellite Aluminium/metal 3D printing Airbus Less weight (up to 35%) and better 

stiffness (up to 40%) compared to 
traditional manufacturing;

A single piece replaced an assembly of 
several aluminium components and 
up to 44 rivets

Table 4   Recent and probable application areas of AM in aerospace industry [121, 122]

Recent applications Potential applications

Aerospace Industry Prototyping and modelling of concepts
Fabrication of replacement parts
Fabrication of low-volume aerospace components with com-

plex geometry

Embedment of AM processed electronics on aerospace 
components

Fabrication of the whole aircraft wings regardless of size 
limitation

Production of more complex shaped engine parts while 
achieving enhanced part consolidation

Repair part production on the battlefield

Fig. 12   Repair application for T700 blisk by AM technique (laser engineering net-shaping): a Lead edge in-process repair for Ti64 airfoil, b post 
deposit blisk, and c blisk after finishing. Courtesy: Optomec
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task. AM techniques are highly flexible and offer limited 
restrictions for such innovations in comparison to conven-
tional manufacturing processes. This trait offers markedly 
higher utility in designing customised parts for automotive 
applications. The overall time is considerably shorter in 
case of AM techniques which can be attributed to numer-
ous factors including but not limited to cycle compression, 
absence of tools and corresponding technologies, improve-
ment in performance of supply chain and its management, 
etc. [133–138]. This reduced lead time has a positive 
impact on market responsiveness. Material wastage is also 
reduced owing to layered fabrication of artefacts. All these 
characteristics make AM techniques highly suitable for 
automotive applications.

Application of AM techniques for automotive parts fab-
rication is one of their most initial uses. Giants like Gen-
eral Motors has been using them for over two decades for 
multiple prototyping, design and fabrication applications. 
Different components for structural as well as functional 
applications like drive shafts, gear box, engine exhaust, 
etc. are today fabricated via this route apart from typical 
prototyping applications. A car called Urbee was devel-
oped by Kor Ecologic in 2011 which used AM thoroughly 
for various parts specially its exterior and interior parts. 
The total vehicle weight which is an important considera-
tion for any automotive design is tremendously reduced 
since excess parts as well as joints are eliminated. Tool-
ing applications is another prominently used AM appli-
cation and is used by companies like BMW to manufac-
ture handheld tools for attaching licence plates, bumpers 
etc. [139]. Apart from commercial vehicle components, 
special vehicles like motorsports require usage of light 
weight advanced material parts for example titanium-
alloys. These parts are intricate shaped and are fabricated 
in limited numbers. Different industries utilise various AM 
techniques for developing parts for these special purpose 
vehicles. One example is CRP Technology (Italy) which 
produces motorsport parts like motorbike dashboards, cam 
shaft covers, MotoGP engines, F1 gearboxes, suspensions 
and so on by using AM processes. Manifold advantages 
are accomplished by using AM techniques for fabricating 
parts. An instance is around 20–25% lesser weight and 
about 25% reduced volume was achieved during fabrica-
tion of F1 gearbox [114]. Optomec reported around 90 
percent reduced material usage along with cost and time 
saving during development of drive shaft spiders and sus-
pension mounting brackets (made from Ti-6Al-4 V) to be 
used in Red Bull Racing cars [117].

A summary (non-exhaustive) of AM applications (current 
as well as probable) in the automotive sector are illustrated 
in Fig. 13.

There are a lot of benefits of AM in automobile sec-
tor, however, the volume constraint of 3D printers/ AM 

modellers that limits the fabrication of larger automotive 
parts such as body panels still poses a challenge. Tremen-
dous research is in progress to overcome such issues [130, 
141–143].

4.5 � Medical applications

Medical sector is one of the areas where the highest level of 
customisation, complexity is required in small volume due 
to the demand for a patient-specific product. The market for 
additive manufacturing for this sector will be around $ 26 
billion by 2022, up from $ 6 billion in 2017 [144]. Patient-
specific implants, health care products such as prostheses, 
splints, saw guides, orthodontic appliances, medical devices, 
bio-manufacturing, tools, and instruments, etc. can be manu-
factured additively using a wide variety of materials. AM 
has achieved tremendous success in medical sector over last 
two decades to an extent that this sector has become a leader 
in AM applications. AM is being increasingly applied for 
medical appliances, tissue engineering scaffold, pharmaceu-
tical, ex-vivo tissues, medicine delivering systems, medi-
cal devices, surgical implants, prosthetics, medical training 
models, orthodontic and orthopaedic implants as well as 
multiple medical equipments are presently manufactured 
by AM processes [92, 145–154]. According to Wohler’s 
report in 2012, the revenue of AM in medical applications 
was reported 16.4% of total revenue of AM market [155]. 
The major reason behind this growth is the suitability of 
AM products in medical sector. Several small sized but 
simultaneously value-dense parts like dental crowns [148, 
156, 157], implants used in surgery [158, 159], hearing aids 
[97], etc. can suitably be produced using AM techniques. 
Successful fabrication of ears [160, 161], bones [162–164], 
etc. has been reported by various researchers so far and the 
same has been successfully tested on animals. Some medical 
systems have gained necessary clearances while others are in 
development stage. Environment of AM techniques in their 
medical applications is such as to allow minimal wastage 
and easy part fabrication.

Thus, AM is highly suitable for medical industry as cus-
tomised products are required in medical sector owing to 
different needs of individual patients [96, 165, 166]. A lot 
of researchers are investigating on bio comparable materials 
to develop vascularised human and attempts are in progress 
to map human organs by their conversion into 3D virtual 
designs. However, growth of AM in medical sectors is facing 
some regulatory and scientific challenges [167]. The various 
steps required to develop different types of 3D medical mod-
els are presented in Fig. 14. Medical models help the doctors 
for better understanding of disease, cost factor, patient spe-
cific designs, surgical tools and process. Some applications 
of AM in medical sectors are illustrated in Figs.  15, 16, 17.
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Fig. 13   Current and probable applications of AM in automotive industry (Source:[5, 140])

Fig. 14   Steps to develop 3D medical models [96]
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Fig. 15   Image of implant fabricated using AM: a skull defect 3D reconstruction; b skull model; c implant made of porous titanium developed by 
EBM; d implant fitted to skull model [168]

Fig. 16   Porous femoral knee 
replacement component [169]; 
Hip stem, human pelvis and 
WSU logo printed by binder 
jetting 3D printer using TCP 
(fabricated at Washington State 
University) [170]

Fig. 17   a Actual liver of a recipient and 3D-printed liver. The arrows indicate a regenerative nodule in both and 3D-printed liver and the native 
liver. b Preoperatively 3D-printed right lobe and actual right lobe of a donor [171]
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4.5.1 � Applications of AM in biomaterials

If the advantages of AM techniques are combined with 
the utilisation of biomaterials, a lot of promising personal 
specific applications in medical field can be facilitated [16, 
172–174]. Biomaterials are an exquisite class of materials 
that can restore functions of human tissues and can either be 
natural or man-made. There are a variety of materials like 
aluminium oxide for dental implants, nickel titanium alloys 
for catheters and many others have been cleared by food and 
drug administration (FDA) for various medical applications. 
Thus, from above discussion, it is clear that AM has huge 
applications and scope in medical sector. A common crite-
rion based on which AM applications suit medical sector and 
a summary of major areas of AM applications are presented 
in Tables 5 and 6, respectively.

4.6 � AM in construction industry

Utilisation of AM has recently been started to print the 
houses & villas but this application has still not fully 
matured. Continuous research is being carried out in con-
struction industry to explore AM to the fullest and around 
30 research groups have reported engagement in varied R& 
D activities [14, 193–195]. The main AM techniques suit-
able for construction industry include SLA, FDM, IJP, SLS, 
and contour crafting [196–203]. Some novel 3D printing 
processes have also been developed recently. For example, 
at Loughborough University, a concrete printing process is 
developed which utilises similar principle of extrusion of 
cement mortar as used by contour crafting [13, 14]. AM 
offers suitability for building complex designs which were 
not suitable in the past using conventional methods. In con-
struction industry, AM offers several benefits which mainly 
include optimised topology, reduced manpower, design flex-
ibility, multi-functionality, reduced waste and construction 
time, etc. [15].

Owing to limitation upon build size of AM modellers, 
a general conclusion was that medium and large sized 
buildings are difficult to develop using these techniques. 
However, recent research/ project work shows the devel-
opments in large scale 3D printers that can enable the 
printing of full buildings. Three major projects showing 
such developments are discussed here. In 2014, Win-
Sun (Chinese architectural company) developed house 
groups of 200 m2 each using AM in a day’s time. Mod-
eller dimensions utilised in printing this building was 
150 m × 10 m × 6.6 m (length × width × height). In 2014, 
Qindao Unique Technology revealed a huge AM modeller 
of dimensions 12 × 12 × 12 in metres, which worked on the 

principle of FDM technology that deposits layers of semi 
molten material which subsequently bond together by a 
process similar to diffusion bonding. Similarly, in 2015, a 
villa as well as one 5–storeyed apartment could success-
fully be developed via AM route. In these constructions, 
printing of individual building components was accom-
plished at different locations. Individual parts were finally 
fetched to location to suitably assemble and install them to 
get final building structure. This project was an excellent 
demonstration of AM application to print complete build-
ing [15]. Several such projects have been completed and 
various others are under developments. Some structures 
obtained via AM route are shown in Figs. 18, 19 and 20.

4.7 � Retail applications

Retail sector basically refers to market of consumer specific 
goods and AM is an ideal candidate for personalised tailored 
products. AM has thus paved its path into multiple retail-
ing aspects by virtue of improvement in production aspects 
and consumer experiences. AM applications are found to be 
quite beneficial for the retailing industry [205–207]. Differ-
ent parts of washing machines, electronic parts, footwear, 
clothing, etc. are just a few examples of consumer goods 
where AM has been successfully implemented. The key 
to success of AM in retail sector is primarily the capture 
of consumer expectations. In addition, AM imparts higher 
efficiency and effectiveness to the production process. In 
fashion industry specially fashion designing, AM has given 
marked edge to the professionals. AM offers design freedom 
for creating complex and intricate designs for fashion indus-
try. In John Hauer’s opinion (co-founder & CEO 3-DLT), 
improved design retail products will reach market swiftly via 
AM route specially because supply chain costs will eliminate 
and there will be high freedom of innovation and visualisa-
tion. Conventionally the design cost is a huge chunk of the 
overall product cost. The ability of AM to design prototype 
in real time is especially beneficial. The innovative imagina-
tion of the designer is the only limiting factor. This in turn 
can help in a new approach of mass customisation to suit and 
serve an extensive customer base. 

Design and development of fashion products like jewel-
lery, apparels, footwear, etc. have already been done using 
AM. Retailers like Continuum offer customised shoes, jew-
ellery, bath robes, etc. using AM. AM processes for retail 
market include SLS, FDM, binder jetting, polyjet print-
ing, and stereolithography [208]. Table 7 briefly summa-
rises commonly utilised AM techniques in fashion industry 
highlighting their benefits, challenges, materials, and main 
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brands utilising these products. It is imperative to highlight 
that several challenges need to be dealt with before full-scale 
utilisation of AM techniques in retail sector.

5 � Discussion and future outlooks

Ability to visualise and fabricate intricate designs, crea-
tive freedom, elimination of raw material wastage and 
so on are a few out of the multitude of benefits of AM 
technology which renders it great suitability for appli-
cations in various sectors. Table 8 briefly summarises 
the key advantages of utilising AM techniques for var-
ied applications. However, there are many challenges 
that restrict full scale AM applications and necessitate 
further research in the field of AM technology. Major 
AM limitations include: inferior mechanical properties of 
fabricated parts, raw material limitations, restrictions on 
part size owing to limited work volume, defects, staircase 
effect, directional anisotropy, etc. These can however be 
controlled by careful selection of process parameters, raw 
material selection, judicious choice of tool path and build 
orientation, etc. An important point to understand here 
is that while concepts like mass customisation can only 
be realised via the AM route, in general the fabrication 
time for most AM techniques is higher than traditional 
manufacturing methods like casting, injection moulding, 
extrusion, etc. Although the overall reduction in produc-
tion time compensates higher build times for fewer parts, 
this is not true for mass production. This challenge needs 
to be dealt with effectively for full scale utilisation of AM 
processes for mass production.

Both metallic and non-metallic parts are fabricated via 
the AM route. While using metal AM techniques, the fab-
ricated parts suffer from several defects like lower mechan-
ical strength, microstructural anisotropy, etc. These restrict 
metal additive manufacturing (MAM) utility to a great 
limit especially where highly mechanical and structural 
strength is required. There is a lot of ongoing research in 
this area and considerable progress is reported by use of 
hybrid MAM techniques which can either be fusion based 
or solid-state processes [209–214].

6 � Conclusions

The objective of this review is to present recent trends and 
AM applications which will facilitate AM research and 
industrial uptakes. It further overviews AM limitations 
and challenges that restrict utility of AM as a full-scale 
technology in several cases. Limitations on raw material, 
build volume, anisotropy, structural strength, staircase Ta

bl
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effect, etc. are a few barriers in the full scale utilisation of 
the AM technology. This article presents a state-of-the-
art review of AM applications in various domains like 

visualisation, aerospace, repair, automobile, medical, bio-
materials, construction, retail, and so on. Then, conclusive 
discussion upon ongoing trends and future outlooks of AM 

Table 6   Distinct AM methods contribution towards different categories of disease treatments/ biomedical applications [175]

Author/s Technique Applications Summary

Sanghera et al. [176] FFF Knee, mandible, hip, radiotherapy, 
face mask, wrist, shoulder etc

For good understanding of the problems, patient specific mod-
els were manufactured/ fabricated

Jamieson et al. [177] SLS Orthopaedic product Additive manufacturing decreased the product fabrication time 
& manufactured patient specific surgical precisely

Ripley
et al. [178]

SLA Trans catheter aortic valve prototype 
for the study of replacement

Manufactured prototype with a high dimensional accuracy 
of 0.1 mm from the computer aided model generated from 
computer tomography scan

Pietrabissa et al. [179] Polyjet Laparoscopic splenectomy For education purposes the complex anatomy structure was 3D 
printed and also able to Reproduce small vessels

Hieu et al. [180] NURB & STL Cranioplasty implant Fabricated implant using Reverse engineering and CT data
Hochman et al. [181] FFF Cadaveric temporal bone For operation planning study, prototype was Fabricated that 

help to minimise the risk
Cohen et al. [182] FFF Temporal bone Fabricated prototype at less cost for the educational training 

purpose
Cohen et al. [183] SLA Bone graft and dental models AM technology exhibits a precise, economical mandibular 

reconstruction, which mainly help to reduce operation time, 
decreased blood loss and easier surgical procedure

Auricchio et al. [184] LOM Orthopaedic modelling (bone
surfaces)

This technology enables advance testing of the surgical proce-
dure, this help to decrease the operation time

Sing et al. [185] SLM &
EBM

Medical devices (implants & fixations) SLM and EBM exhibits opportunities to mass customise 
implants in orthopaedics sector with economical cost owing 
to their ability to manufacturing components with very 
complex and intrinsic designs that are specific to individual 
patients

Dodziuk
et al. [186]

– Hearing aids 3DP provide personalised medicine on the macro scale, As 
implants, prostheses and many other devices for medical 
application are patient-specific

Tanaka
et al. [187]

FDM RP exoskeleton The recent improvements in additive manufacturing have the 
potential to enhance the customisation, accessibility and 
procurement of devices

Whitley et al. [188] DLP Dental implant guides The application of desktop additive manufacturing is a practical 
option for the manufacturing of very precise implant drilling 
guides

Fina et al. [189] SLS Orodispersible tablets Orally disintegrating printlets were fabricated using SLS
Pereira et al. [190] FDM Cardiovascular polypill Polypills containing four model drugs were developed
Awad et al. [191] SLS Miniprintlets Miniprintlets were developed exhibiting two spatially isolated 

using SLS 3DP
Zuniga et al. [192] FFF 3D-printed hand A low cost 3D-printed hand was prepared

Fig. 18   Architectural design opportunities provided by AM; a complex geometries; b optimised topologies at no additional cost; c multi-func-
tional building components; d union of digital design process and digital building process [194]
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applications has been presented. The article finally con-
cludes with a well-drawn summary. The intent of current 
article is to bring forth the unexplored application areas 
to optimally utilise the advancements in the field of AM. 
Following can be concluded from the present review work:

•	 AM is a prominent technology for the aerospace industry 
where enhanced intricacy, weight reduction and safety 
are the most important considerations. Candidature of 
AM is apt for all these parameters. However, there is a 
long way to go to establish the AM safety standards.

•	 Automotive industry is another important sector where 
AM applications range from concept/model design to 
part fabrication. Parts fabricated via AM are already 
prominently in use like dashboards, cooling vents, tool 
inserts, etc. in the automobile industry.

•	 Medical sector is a huge market for AM applications. The 
list of applications is impressive and includes but is not 
limited to: custom implants design, biomaterials, medical 
device development, tissue engineering, prosthesis and 

orthotics, forensics and so on. AM has offered altogether 
newer avenues in the medical applications. However, 
design for AM in medical sector requires highly crea-
tive and complicated knowledge of DFAM techniques in 
addition to a thorough understanding of AM principles. 
This field thus has immense unexplored potential.

•	 In the construction industry as well, AM prevents human 
involvement in potentially dangerous tasks apart from 
many other advantages like materials and time saving, 
ease to construct complex shapes, etc. It is noteworthy 
here that this requires skilled labour having knowledge 
of civil and robotic work together. This field is still in 
infancy and further research is needed to troubleshoot 
the issues.

•	 Retail market is emerging as a sector where prospec-
tive AM applications can yield much charisma. Fashion 
applications such as jewellery, sports, etc. and designers 
are highly benefited from use of AM techniques. Today 
it is a common sight to observe that customers can get 
their designs printed in a shorter time and efficient man-
ner which highly increases the customers’ satisfaction 
owing to customised products.

It can thus be concluded that AM has undergone con-
siderable metamorphosis over the last few decades. From 
being utilised as a meagre visualisation and prototyping tool, 
today there is perhaps no aspect of applications which are 
untouched by AM. However, there is a long way to go before 
AM technology fully matures. This needs further research 
and developments to improve its cost factor, process stand-
ardisation, quality issues, development of newer materials 
such as functionally graded materials and methods like fric-
tion based hybrid AM, cold spray based AM, etc. to supple-
ment the conventional AM techniques. It is also a critical 
pillar of Industry 4.0. The day is not far when coupled with 
the traditional manufacturing methods, AM will thoroughly 
revolutionise the manufacturing sector.

Fig. 19   Structure developed by 
AM [204]

Fig. 20   Winsun building structure developed using AM [15]



280	 Progress in Additive Manufacturing (2022) 7:261–287

1 3

Ta
bl

e 
7  

C
om

pa
ra

tiv
e 

an
al

ys
is

 o
f A

M
 te

ch
ni

qu
es

 in
 fa

sh
io

n 
in

du
str

y 
[2

08
]

A
M

 m
et

ho
d

Pr
in

te
r

C
om

pa
ny

M
ax

im
um

 p
rin

tin
g 

si
ze

M
at

er
ia

ls
B

en
efi

ts
C

ha
lle

ng
es

Pr
od

uc
t c

at
eg

or
ie

s
B

ra
nd

s o
r d

es
ig

ne
rs

SL
M

am
m

ot
h

M
at

er
ia

lis
e

2 
m

Ph
ot

op
ol

ym
er

 re
si

ns
La

rg
e 

ob
je

ct
s;

 D
et

ai
le

d 
ob

je
ct

s;
 F

as
t l

ea
d 

tim
e;

U
se

r-f
rie

nd
ly

; H
ig

h-
qu

al
-

ity
 su

rfa
ce

 fi
ni

sh

Su
pp

or
t r

af
ts

;
La

rg
e 

sp
ac

e 
ne

ed
ed

Lo
ng

 d
re

ss
es

;
D

et
ai

le
d 

co
m

po
ne

nt
s

Ir
is

 v
an

 H
er

pe
n;

La
dy

 G
ag

a

SL
S

PR
EC

IO
U

S 
M

 0
80

EO
S

80
 m

m
 ×

 95
 m

m
M

et
al

 p
ow

de
r

N
o 

su
pp

or
t r

af
ts

; C
om

-
pa

ct
 si

ze
; F

as
t l

ea
d 

tim
e;

 H
ig

h-
qu

al
ity

 
su

rfa
ce

 fi
ni

sh

Li
m

ite
d 

pr
in

tin
g 

si
ze

;
Li

m
ite

d 
en

d-
us

es
Je

w
el

le
ry

;
W

at
ch

es
;

M
et

al
 a

cc
es

so
rie

s

D
r R

ic
ha

rd
 H

op
tro

ff

FD
M

O
bj

et
 C

on
ne

x
St

ra
ta

sy
s

49
0 

m
m

 ×
 39

0 
m

m
 ×

 20
0 

m
m

Li
qu

id
 w

ax
, m

et
al

, a
nd

 
ce

ra
m

ic
 fi

la
m

en
ts

M
ul

ti-
m

at
er

ia
l; 

C
om

pa
ct

 
si

ze
; U

se
r-f

rie
nd

ly
; 

D
et

ai
le

d 
ob

je
ct

s;
 M

ul
ti-

pl
e 

pr
od

uc
ts

 a
t o

nc
e

Su
pp

or
t r

af
ts

;
Lo

w
er

 su
rfa

ce
 q

ua
lit

y
H

ig
hl

y 
te

xt
ur

ed
 

dr
es

se
s &

 se
pa

ra
te

s
Ir

is
 v

an
 H

er
pe

n

FD
M

Re
pl

ic
at

or
 D

es
kt

op
M

ak
er

B
ot

20
0 

m
m

 ×
 25

0 
m

m
 ×

 15
0 

m
m

PL
A

 fi
la

m
en

t;
A

B
S 

fil
am

en
t

Fl
ex

ib
le

 m
at

er
ia

ls
; C

om
-

pa
ct

 si
ze

; U
se

r-f
rie

nd
ly

; 
M

ul
tip

le
 p

ro
du

ct
s a

t 
on

ce
; V

ar
io

us
 q

ua
lit

y 
le

ve
ls

Su
pp

or
t r

af
ts

;
Sl

ow
er

 le
ad

 ti
m

e;
Li

m
ite

d 
pr

in
tin

g 
si

ze

D
re

ss
es

;
A

cc
es

so
rie

s;
G

ar
m

en
t c

om
po

ne
nt

s;
Pr

ot
ot

yp
es

Fr
an

ci
s B

ito
nt

i

3D
P

Sp
ec

tru
m

 Z
51

0
3D

 S
ys

te
m

s
25

4 
m

m
 ×

 35
6 

m
m

 ×
 20

3 
m

m
Po

w
de

re
d 

m
et

al
 a

nd
 

ce
ra

m
ic

 fi
la

m
en

ts
In

ex
pe

ns
iv

e;
 P

rin
ts

 in
 c

ol
-

ou
r; 

Fa
ste

st 
le

ad
 ti

m
e;

H
ig

h-
qu

al
ity

 su
rfa

ce
 

fin
is

h

W
ea

ke
r p

ro
du

ct
s

Sh
oe

s;
A

cc
es

so
rie

s;
Pr

ot
ot

yp
es

Ti
m

be
rla

nd



281Progress in Additive Manufacturing (2022) 7:261–287	

1 3

Acknowledgements  One of the authors Dr. Manu Srivastava is grateful 
to PDPM IIITDM Jabalpur for its financial assistance (vide sanction 
order no. PDPM IIITDMJ/Dir Off/ 109/2020/10/36) to undertake the 
present work.

References

	 1.	 Lasi, H., Fettke, P., Kemper, H.-G., Feld, T., Hoffmann, M., 
Industrie 4.0. WIRTSCHAFTSINFORMATIK, 2014. 56(4): p. 
261–264.

	 2.	 Srivastava M, Rathee S, Maheshwari S, Kundra TK, Additive 
Manufacturing: Fundamentals and Advancements 2019, Boca 
Raton, Florida: CRC Press

	 3.	 Meier M, Tan Kim H, Lim Ming K, Chung L (2019) Unlocking 
innovation in the sport industry through additive manufacturing. 
Bus Process Manag J 25(3):456–475

	 4.	 Gebhardt A, Hötter Jan-S, 2—Characteristics of the Additive 
Manufacturing Process, in Additive Manufacturing, A. Gebhardt 
and J.-S. Hötter, Editors. 2016, Hanser. p. 21–91.

	 5.	 Cotteleer M, Holdowsky J, Mahto M, The 3D opportunity 
primer: The basics of additive manufacturing. Deloitte Univer-
sity Press, Westlake, Texas, USA, 2014. http://​dupre​ss.​com/​artic​

Table 8   Benefits of AM applications to various sectors [8]

Industry Applications Benefits gained

Aerospace - Prototyping
- Component manufacturing
- Reducing aircraft weight
- Engine components for the Airbus
- Flight-certified hardware
- Manufacturing of satellite
Components

- Produce very complex work pieces at low cost
- Allow product lifecycle leverage
- Objects manufactured in remote locations, as delivery of goods is no longer a 

restriction
- A reduction in lead-time would imply a reduction in
inventory and a reduction in costs
- On-demand manufacturing for astronauts
- Eliminate excess parts that cause drag and add weight
- Improve quality

Automotive - Prototyping
- Component manufacturing
- Reducing vehicle weight
- Cooling system for race car

- Help eliminate excess parts
- Speed up time to market
- Reduce the cost involved in product development
- Reduce repair costs considerably
- Reduce inventory
- Could effectively change the way cars will look and function in the future
- Improve quality

Machine Tool
Production

- Prototyping
- Reducing grip system weight
End-of-arm for smarter packaging

- Quick production of exact and customised replacement parts on site
- Allow for designs that are more efficient and lighter

Healthcare
and Medical

-Fabricating custom implants, such
as hearing aids and prosthetics
- Manufacturing human organs
- Reconstructing bones, body parts
Hip joints and skull implants
- Robotic hand

- Reduced surgery time and cost
- Reduced the risk of post-operative complications
- Reduced lead-time

Dentistry and
Dental
Technology

- Dental coping
- Precisely tailored teeth and dental
crowns
- Dental and orthodontic appliances
- Prototyping

- Great potential in the use of new materials
- Reduced lead-time
- Prosthetics could be fabricated in only a day, sometimes even in a few hours

Architectural
and
Construction

- Generating an exact scale model of
the building
- Printing housing components

- Producing scale models up to 60% lighter
- Reduce lead times of production by 50–80%
- The ability to review a model saves valuable time and money caused by rework
- Reduce construction time and manpower
- Increase customisation
- Reduce construction cost provide low cost housing to poverty-stricken areas

Retail/
Apparel

- Shoes and clothing
- Fashion and consumer goods
- Consumer grade eyewear
- Titanium eyeglass frames
- Production of durable plastic and
metal bicycle accessories

- On-demand custom fit and styling
- Reduce supply chain costs
- Create and deliver products in small quantities in real time
- Create overall better products
- Products get to market quicker

Food - Chocolate and candy
- Flat foods such as crackers, pasta
and pizza

- The ability to squeeze out food, layer by layer,
into 3-D objects
- Reduce cost
- Feasibility of printing food in space

http://dupress.com/articles/the-3d-opportunity-primer-the-basics-of-additive-manufacturing


282	 Progress in Additive Manufacturing (2022) 7:261–287

1 3

les/​the-​3d-​oppor​tunity-​primer-​the-​basics-​of-​addit​ive-​manuf​actur​
ing, Accessed on 8 Feb. 2019, 2014.

	 6.	 Pham DT, D.S.S., Rapid Manufacturing, The Technologies and 
Applications of Rapid Prototyping and Rapid Tooling 2001: 
Springer, London.

	 7.	 Gebhardt A, Understanding additive manufacturing, in under-
standing additive manufacturing 2011, Hanser. p I-IX.

	 8.	 Attaran M (2017) The rise of 3-D printing: The advantages of 
additive manufacturing over traditional manufacturing. Bus 
Horiz 60(5):677–688

	 9.	 Srivastava M (2015) Some studies on layout of generative manu-
facturing processes for functional components. Delhi University, 
India

	 10.	 Gisario A, Kazarian M, Martina F, Mehrpouya M (2019) Metal 
additive manufacturing in the commercial aviation industry: a 
review. J Manuf Syst 53:124–149

	 11.	 Yap YL, Yeong WY (2014) Additive manufacture of fashion 
and jewellery products: a mini review. Virtual Phys Prototyp-
ing 9(3):195–201

	 12.	 ten Kate J, Smit G, Breedveld P (2017) 3D-printed upper 
limb prostheses: a review. Disabil Rehabil Assist Technol 
12(3):300–314

	 13.	 Lim S, Buswell RA, Le TT, Austin SA, Gibb AGF, Thorpe T 
(2012) Developments in construction-scale additive manufac-
turing processes. Autom Constr 21:262–268

	 14.	 Buswell, R.A., Leal de Silva, W. R., Jones, S. Z., Dirren-
berger, J., 3D printing using concrete extrusion: A roadmap 
for research. Cement and Concrete Research, 2018. 112: p. 
37–49.

	 15.	 Wu P, Wang J, Wang X (2016) A critical review of the use of 3-D 
printing in the construction industry. Autom Constr 68:21–31

	 16.	 Bose S, Ke D, Sahasrabudhe H, Bandyopadhyay A (2018) Addi-
tive manufacturing of biomaterials. Prog Mater Sci 93:45–111

	 17.	 Tofail SAM, Koumoulos EP, Bandyopadhyay A, Bose S, 
O’Donoghue L, Charitidis C (2018) Additive manufacturing: 
scientific and technological challenges, market uptake and oppor-
tunities. Mater Today 21(1):22–37

	 18.	 Tuomi J, Paloheimo K-S, Vehviläinen J, Björkstrand R, Salmi 
M, Huotilainen E, Kontio R, Rouse S, Gibson I, Mäkitie AA, A 
novel classification and online platform for planning and docu-
mentation of medical applications of additive manufacturing. 
Surgical Innovation, 2014. 21(6): 553–559.

	 19.	 Perkins I, Skitmore M (2015) Three-dimensional printing in the 
construction industry: A review. Int J Constr Manag 15(1):1–9

	 20.	 Chen RK, Jin Y-a, Wensman J, Shih A (2016) Additive manu-
facturing of custom orthoses and prostheses—a review. Additive 
Manufacturing 12: p. 77–89.

	 21.	 Gebhardt A, Materials, Design, and Quality Aspects for Additive 
Manufacturing, in Understanding Additive Manufacturing 2011, 
Hanser. p 129–149.

	 22.	 Rathee S, Srivastava M, Maheshwari S, Kundra TK, Siddiquee 
AN Friction Based Additive Manufacturing Technologies: Prin-
ciples for Building in Solid State, Benefits, Limitations, and 
Applications. Ist ed2018, Boca Raton: CRC Press, Taylor & 
Francis group.

	 23.	 ASTM, S., Standard terminology for additive manufacturing 
technologies, F2792–12a., 2013.

	 24.	 F2792–12A, A., Standard Terminology for Additive Manufactur-
ing Technologies, 2012: West Conshohocken, PA.

	 25.	 Trombetta R, Inzana JA, Schwarz EM, Kates SL, Awad HA 
(2017) 3D printing of calcium phosphate ceramics for bone tis-
sue engineering and drug delivery. Ann Biomed Eng 45(1):23–44

	 26.	 Schmidleithner, C., Kalaskar, D. M., Stereolithography, in 3D 
Printing, D. Cvetković, Editor 2018, IntechOpen.

	 27.	 Spangenberg A, Hobeika N, Stehlin F, Malval JP, Wieder F, Prab-
hakaran P, Baldeck P, Soppera O, chapter 2- Recent Advances in 

Two-Photon Stereolithography, in Updates in Advanced Lithog-
raphy 2013, InTechOpen. p. 35–62.

	 28.	 Denk W, Strickler JH (1990) Webb, WW, Two-photon laser scan-
ning fluorescence microscopy. Science 248(4951):73–76

	 29.	 Hafkamp T, van Baars G, de Jager B, Etman P (2018) A feasibil-
ity study on process monitoring and control in vat photopolym-
erization of ceramics. Mechatronics 56:220–241

	 30.	 Bikas H, Stavropoulos P, Chryssolouris G (2016) Additive manu-
facturing methods and modelling approaches: a critical review. 
Int J Adv Manuf Technol 83(1):389–405

	 31.	 King WE et al. (2015) Laser powder bed fusion additive manu-
facturing of metals; physics, computational, and materials chal-
lenges. Appl Phys Rev 2(4): 041304.

	 32.	 Zhang, Y., et al., 2—Additive manufacturing processes and 
equipment, in Additive Manufacturing. J Zhang and Y.-G. Jung, 
Editors. 2018, Butterworth-Heinemann. p. 39–51.

	 33.	 Goodridge R, Ziegelmeier S Powder bed fusion of polymers, in 
Laser Additive Manufacturing, M. Brandt, Editor 2017, Wood-
head Publishing. p. 181–204.

	 34.	 Kruth JP, Mercelis P, Van Vaerenbergh J, Froyen L, Rombouts 
M (2005) Binding mechanisms in selective laser sintering and 
selective laser melting. Rapid Prototyping J 11(1):26–36

	 35.	 Brandt M The role of lasers in additive manufacturing, in Laser 
Additive Manufacturing, M. Brandt, Editor 2017, Woodhead 
Publishing. p. 1–18.

	 36.	 Thompson SM, Bian L, Shamsaei N, Yadollahi A (2015) An 
overview of direct laser deposition for additive manufacturing; 
part i: transport phenomena, modeling and diagnostics. Addit 
Manuf 8:36–62

	 37.	 Leary M Chapter 11—Powder bed fusion, in Design for Additive 
Manufacturing, M. Leary, Editor 2020, Elsevier. p. 295–319.

	 38.	 Chatham CA, Long TE, Williams CB (2019) A review of the pro-
cess physics and material screening methods for polymer powder 
bed fusion additive manufacturing. Prog Polym Sci 93:68–95

	 39.	 Oliveira JP, LaLonde A, Ma J (2020) Processing parameters in 
laser powder bed fusion metal additive manufacturing. Materials 
Design: 108762.

	 40.	 Boes J, Röttger A, Theisen W (2020) Microstructure and proper-
ties of high-strength C + N austenitic stainless steel processed by 
laser powder bed fusion. Additive Manufacturing 32: 101081.

	 41.	 Bodner SC et al. (2020) Inconel-steel multilayers by liquid dis-
persed metal powder bed fusion: Microstructure, residual stress 
and property gradients. Additive Manufacturing 32: 101027.

	 42.	 Cepeda-Jiménez CM et al. (2020) Effect of energy density on 
the microstructure and texture evolution of Ti-6Al-4V manu-
factured by laser powder bed fusion. Materials Characterization 
163: 110238.

	 43.	 Eskandari Sabzi H (2019) Powder bed fusion additive layer man-
ufacturing of titanium alloys. Mater Sci Technol 35(8):875–890

	 44.	 Sutton AT, Kriewall CS, Leu MC, Newkirk JW (2017) Powder 
characterisation techniques and effects of powder characteristics 
on part properties in powder-bed fusion processes. Virtual Physi-
cal Prototyping 12(1): p. 3–29.

	 45.	 Srivastava M, Maheshwari S, Kundra TK, Rathee S, Yashaswi 
R, Sharma SK (2016) Virtual Design, Modelling and Analysis 
of Functionally graded materials by Fused Deposition Modeling. 
Materials Today: Proceedings 3(10, Part B): 3660–3665.

	 46.	 Srivastava M, Rathee S (2018) Optimisation of FDM process 
parameters by Taguchi method for imparting customised proper-
ties to components. Virtual Phys Prototyping 13(3):203–210

	 47.	 Srivastava M, RS, Maheshwari S, Kundra TK (2018) Multi-
objective optimisation of fused deposition modelling process 
parameters using RSM and fuzzy logic for build time and sup-
port material. Int J Rapid Manuf 7(1): 25–42.

	 48.	 Srivastava M, R., S., Maheshwari S, Kundra TK (2018) Multi-
objective optimisation of fused deposition modelling process 

http://dupress.com/articles/the-3d-opportunity-primer-the-basics-of-additive-manufacturing
http://dupress.com/articles/the-3d-opportunity-primer-the-basics-of-additive-manufacturing


283Progress in Additive Manufacturing (2022) 7:261–287	

1 3

parameters using RSM and fuzzy logic for build time and sup-
port material. Int J Rapid Manuf 7(1): 25–42.

	 49.	 Rathee S, Srivastava M, Maheshwari S, Siddiquee AN (2017) 
Effect of varying spatial orientations on build time require-
ments for FDM process: a case study. Defence Technology 
13(2):92–100

	 50.	 Srivastava M, Maheshwari S, Kundra TK (2015) Virtual mod-
elling and simulation of functionally graded material compo-
nent using FDM technique. Materials Today: Proceedings 
2(4):3471–3480

	 51.	 Srivastava M, Maheshwari S, Kundra TK, Yashaswi R, Rathee 
S Integration of Fuzzy Logic with Response Surface Methodol-
ogy for Predicting the Effect of Process Parameters on Build 
Time and Model Material Volume in FDM Process, in CAD/
CAM, Robotics and Factories of the Future: Proceedings of the 
28th International Conference on CARs & FoF 2016, D.K. Man-
dal and C.S. Syan, Editors. 2016, Springer India: New Delhi. p. 
195–206.

	 52.	 Srivastava M, Maheshwari S, Kundra TK, Rathee S (2017) Esti-
mation of the effect of process parameters on build time and 
model material volume for fdm process optimization by response 
surface methodology and grey relational analysis. In: Wimpenny 
DI, Pandey PM, Kumar LJ (eds) Advances in 3D printing & addi-
tive manufacturing technologies. Springer Singapore, Singapore, 
pp 29–38

	 53.	 Srivastava M, Maheshwari S, Kundra TK, Rathee S (2017) 
Multi-response optimization of fused deposition modelling 
process parameters of abs using response surface methodology 
(RSM)-based desirability analysis. Materials Today 4(2, Part A): 
1972–1977.

	 54.	 Srivastava M, Maheshwari S, Kundra TK, Rathee S An Inte-
grated RSM-GA Based Approach for Multi Response Optimiza-
tion of FDM Process Parameters for Pyramidal ABS Primitives, 
in Journal for Manufacturing Science and Production 2016. p 
201.

	 55.	 Srivastava M, R.S., Maheshwari S, Kundra TK (2019) Estimating 
percentage contribution of process parameters towards build time 
of FDM process for components displaying spatial symmetry: a 
case study. Int J Materials Product Technol. 58(2–3): p. 201–224.

	 56.	 Norman J et al (2017) A new chapter in pharmaceutical man-
ufacturing: 3D-printed drug products. Adv Drug Deliv Rev 
108:39–50

	 57.	 Sireesha M, Lee J, Kranthi KAS, Babu VJ, Kee BBT, Ram-
akrishna S (2018) A review on additive manufacturing and its 
way into the oil and gas industry. RSC Adv 8(40):22460–22468

	 58.	 Sachs EM, H.J., Cima MJ, Williams PA (1993) Three-dimen-
sional Printing Techniques, US5204055, Editor: US.

	 59.	 Zhou Z et al. (2020) Binder jetting additive manufacturing of 
hydroxyapatite powders: effects of adhesives on geometrical 
accuracy and green compressive strength. Additive Manuf. 36: 
101645.

	 60.	 Sivarupan T, et al. (2021) A review on the progress and chal-
lenges of binder jet 3D printing of sand moulds for advanced 
casting. Additive Manuf 40: 101889.

	 61.	 Dini F et al (2020) A review of binder jet process parameters; 
powder, binder, printing and sintering condition. Met Powder 
Rep 75(2):95–100

	 62.	 Zhang Y, Wu L, Guo X, Kane S, Deng Y, Jung Y-G, Lee J-H, 
Zhang J, Additive manufacturing of metallic materials: a review. 
J Materials Eng Performance, 2017.

	 63.	 Trenfield SJ, Madla CM, Basit AW, Gaisford S Binder Jet Print-
ing in Pharmaceutical Manufacturing, in 3D Printing of Phar-
maceuticals, A.W. Basit and S. Gaisford, Editors. 2018, Springer 
International Publishing: Cham. p. 41–54.

	 64.	 Bai Y, Wagner G, Williams CB Effect of particle size distribu-
tion on powder packing and sintering in binder jetting additive 
manufacturing of metals. J Manuf Sci Eng, 2017. 139(8).

	 65.	 Miyanaji H et al (2018) Process development for green part print-
ing using binder jetting additive manufacturing. Front Mech Eng 
13(4):504–512

	 66.	 Do T, Kwon P, Shin CS (2017) Process development toward 
full-density stainless steel parts with binder jetting printing. Int 
J Mach Tools Manuf 121:50–60

	 67.	 Miyanaji H, Ma D, Atwater MA, Darling KA, Hammond VH, 
Williams CB (2020) Binder jetting additive manufacturing of 
copper foam structures. Additive Manuf 32: 100960.

	 68.	 Fathi S, Dickens P, Hague R (2012) Jetting stability of molten 
caprolactam in an additive inkjet manufacturing process. Int J 
Adv Manuf Technol 59(1):201–212

	 69.	 Snelling DA, Williams CB, Suchicital CTA, Druschitz AP Binder 
jetting advanced ceramics for metal-ceramic composite struc-
tures. Int J Adv Manuf Technol 2017. 92(1): 531–545.

	 70.	 Ziaee M, Crane NB (2019) Binder jetting: A review of process, 
materials, and methods. Additive Manuf 28: 781–801.

	 71.	 Lores A et al (2019) A review on recent developments in binder 
jetting metal additive manufacturing: materials and process char-
acteristics. Powder Metall 62(5):267–296

	 72.	 Li M, Du W, Elwany A, Pei Z, Ma C, Metal binder jetting addi-
tive manufacturing: a literature review. Journal of Manufacturing 
Science and Engineering, 2020. 142(9).

	 73.	 Du W, Ren X, Pei Z, Ma C (2020) Ceramic binder jetting additive 
manufacturing: a literature review on density. J Manuf Sci Eng. 
142(4).

	 74.	 Mekonnen BG, Bright G, Walker A (2016) A study on state of 
the art technology of laminated object manufacturing (LOM), in 
CAD/CAM, Robotics and Factories of the Future, Springer. p 
207–216.

	 75.	 Razavykia A, Brusa E, Delprete C, Yavari R (2020) An overview 
of additive manufacturing technologies—a review to technical 
synthesis in numerical study of selective laser melting. Materials 
13(17):3895

	 76.	 Gibson I et al. (2021) Sheet Lamination, in Additive Manufactur-
ing Technologies, Springer. p. 253–283.

	 77.	 Upcraft S, Fletcher R (2003) The rapid prototyping technologies. 
Assem Autom 23(4):318–330

	 78.	 Sing SL, Tey CF, Tan JHK, Huang S, Yeong WY 2—3D print-
ing of metals in rapid prototyping of biomaterials: Techniques 
in additive manufacturing, in Rapid Prototyping of Biomaterials 
(Second Edition), R. Narayan, Editor 2020, Woodhead Publish-
ing. p. 17–40.

	 79.	 Molitch-Hou M, Overview of additive manufacturing process, 
in Additive Manufacturing, J. Zhang, Jung, Y-G., Editor 2018, 
Butterworth-Heinemann. p. 1–38.

	 80.	 Mazumder J, 1—Laser-aided direct metal deposition of metals 
and alloys, in Laser Additive Manufacturing, M. Brandt, Editor 
2017, Woodhead Publishing. p. 21–53.

	 81.	 Pirch N, Linnenbrink S, Gasser A, Schleifenbaum H (2019) 
Laser-aided directed energy deposition of metal powder along 
edges. Int J Heat Mass Transf 143: 118464.

	 82.	 Dutta B, Froes FH, Chapter 3—additive manufacturing technol-
ogy, in additive manufacturing of titanium alloys, B. Dutta and 
F.H. Froes, Editors. 2016, Butterworth-Heinemann. p. 25–40.

	 83.	 Dass A, Moridi A (2019) State of the art in directed energy depo-
sition: from additive manufacturing to materials design. Coatings 
9(7):418

	 84.	 David JC, A.R.N., Edward WR, Allison MB, Nathan AK (2017) 
Effect of directed energy deposition processing parameters on 
laser deposited Inconel® 718: External morphology. J Laser 
Appl. 29(2): 022001.



284	 Progress in Additive Manufacturing (2022) 7:261–287

1 3

	 85.	 Jinoop A, Paul CP (2019) Bindra, KS, Laser-assisted directed 
energy deposition of nickel super alloys: a review. Proc Inst Mech 
Eng Part L 233(11):2376–2400

	 86.	 Durga Prasad Reddy R, Sharma V (2020) Additive manufactur-
ing in drug delivery applications: a review. Int J Pharmaceutics, 
589: p. 119820.

	 87.	 Mohammed A, et al. (2020) Additive manufacturing technologies 
for drug delivery applications. Int J Pharmaceutics 580: 119245.

	 88.	 Wang X et al (2017) 3D printing of polymer matrix composites: 
a review and prospective. Compos B Eng 110:442–458

	 89.	 Gouge M, Chapter 4 - Conduction Losses due to Part Fixtur-
ing During Laser Cladding✶✶This chapter is based upon the 
original work published by Springer: MF Gouge, P. Michal-
eris, and TA Palmer. “Fixturing Effects in the Thermal Mod-
eling of Laser Cladding. Journal of Manufacturing Science 
and Engineering 139.1 (2017): 011001. With the permission 
of Springer, in Thermo-Mechanical Modeling of Additive 
Manufacturing, M. Gouge and P. Michaleris, Editors. 2018, 
Butterworth-Heinemann. p. 61–79.

	 90.	 Gibson, I., Rosen, D. W., Stucker, B., Additive manufacturing 
technologies. Vol. 17. 2014: Springer.

	 91.	 Lee H et al (2017) Lasers in additive manufacturing: a review. 
Int J Precision Eng Manuf-Green Technol 4(3):307–322

	 92.	 Mohammed A, Elshaer A, Sareh P, Elsayed M, Hassanin H 
(2020) Additive manufacturing technologies for drug delivery 
applications. Int J Pharmaceutics. 580: 119245.

	 93.	 Ngo TD et al (2018) Additive manufacturing (3D printing): 
a review of materials, methods, applications and challenges. 
Compos B Eng 143:172–196

	 94.	 Murr LE (2016) Frontiers of 3D printing/additive manufactur-
ing: from human organs to aircraft fabrication†. J Mater Sci 
Technol 32(10):987–995

	 95.	 Laguna OH, Lietor PF, Godino FJI, Corpas-Iglesias FA (2021) 
A review on additive manufacturing and materials for catalytic 
applications: milestones, key concepts, advances and perspec-
tives. Materials Design 208: 109927.

	 96.	 Kumar R, Kumar M, Chohan JS (2021) The role of additive 
manufacturing for biomedical applications: a critical review. J 
Manuf Processes 64: 828–850.

	 97.	 Szymczyk-Ziółkowska P, Łabowska, Magdalena B, Detyna J, 
Michalak I, Gruber P (2020) A review of fabrication polymer 
scaffolds for biomedical applications using additive manufac-
turing techniques. Biocybernet Biomed Eng. 40(2): 624–638.

	 98.	 Challagulla NV, Rohatgi V, Sharma D, Kumar R (2020) Recent 
developments of nanomaterial applications in additive manu-
facturing: a brief review. Curr Opin Chem Eng 28:75–82

	 99.	 Al Rashid A, Khan SA, Al-Ghamdi G, Koç SM (2020) Addi-
tive manufacturing: technology, applications, markets, and 
opportunities for the built environment. Automation Construc-
tion. 118: 103268.

	100.	 Ryan KR, Down MP, Banks CE (2020) Future of additive man-
ufacturing: overview of 4D and 3D printed smart and advanced 
materials and their applications. Chem Eng J: 126162.

	101.	 Han D, Lee H (2020) Recent advances in multi-material addi-
tive manufacturing: methods and applications. Curr Opin 
Chem Eng 28:158–166

	102.	 Dhavalikar P, Lan Z, Kar R, Salhadar K, Gaharwar AK, Cos-
griff-Hernandez E (2020) 1.4.8 - Biomedical Applications of 
Additive Manufacturing, in Biomaterials Science (Fourth Edi-
tion), W.R. Wagner, et al., Editors. 2020, Academic Press. p. 
623–640.e2.

	103.	 Mitchell A, Lafont U, Hołyńska M, Semprimoschnig C (2018) 
Additive manufacturing—A review of 4D printing and future 
applications. Addit Manuf 24:606–626

	104.	 Vanmeensel K, Lietaert K, Vrancken B, Dadbakhsh S, Li X, 
Kruth J-P, Krakhmalev P, Yadroitsev I, Van Humbeeck J 8 

- Additively manufactured metals for medical applications, in 
Additive Manufacturing, J. Zhang and Y.-G. Jung, Editors. 2018, 
Butterworth-Heinemann. p. 261–309.

	105.	 Goh GD, Agarwala S, Goh GL, Dikshit V, Sing SL, Yeong 
WY (2017) Additive manufacturing in unmanned aerial vehi-
cles (UAVs): challenges and potential. Aerosp Sci Technol 
63:140–151

	106.	 Huang X, Tepylo N, Pommier-Budinger V, Budinger M, Bonac-
curso E, Villedieu P, Bennani L (2019) A survey of icephobic 
coatings and their potential use in a hybrid coating/active ice 
protection system for aerospace applications. Prog Aerosp Sci 
105:74–97

	107.	 Najmon JC, Raeisi S, Tovar A 2 - Review of additive manufac-
turing technologies and applications in the aerospace industry, 
in Additive Manufacturing for the Aerospace Industry, F. Froes 
and R. Boyer, Editors. 2019, Elsevier. p. 7–31.

	108.	 Froes F, Boyer R, Dutta B 1 - Introduction to aerospace materials 
requirements and the role of additive manufacturing, in Addi-
tive Manufacturing for the Aerospace Industry, F. Froes and R. 
Boyer, Editors. 2019, Elsevier. p. 1–6.

	109.	 Wohlers A 3D Printing and Additive Manufacturing State of the 
Industry, 2017.

	110.	 Najmon JC, Raeisi S, Tovar A Review of additive manufacturing 
technologies and applications in the aerospace industry, in Addi-
tive Manufacturing for the Aerospace Industry, F. Froes and R. 
Boyer, Editors. 2019, Elsevier. p. 7–31.

	111.	 Withers JC 9—Fusion and/or solid state additive manufactur-
ing for aerospace applications, in Additive Manufacturing for 
the Aerospace Industry, F. Froes and R. Boyer, Editors. 2019, 
Elsevier. p. 187–211.

	112.	 Kamal M, Rizza G, 4 - Design for metal additive manufactur-
ing for aerospace applications, in Additive Manufacturing for 
the Aerospace Industry, F. Froes and R. Boyer, Editors. 2019, 
Elsevier. p. 67–86.

	113.	 Liu R, Wang Z, Sparks T, Liou F, Newkirk J 13—Aerospace 
applications of laser additive manufacturing, in Laser Additive 
Manufacturing, M. Brandt, Editor 2017, Woodhead Publishing. 
p. 351–371.

	114.	 Guo N, Leu MC (2013) Additive manufacturing: technology, 
applications and research needs. Front Mech Eng 8(3):215–243

	115.	 Liu R, Wang Z, Sparks T, Liou F, Newkirk J Aerospace applica-
tions of laser additive manufacturing, in Laser Additive Manu-
facturing, M. Brandt, Editor 2017, Woodhead Publishing. p. 
351–371.

	116.	 Han P (2017) Additive design and manufacturing of jet engine 
parts. Engineering 3(5):648–652

	117.	 http://​www.​optom​ec.​com/, O.
	118.	 http://​www.​arcam.​com, A.A.B.
	119.	 Mori D Additive manufacturing for quality finished parts, Availa-

ble from: http://​us.​dmgmo​ri.​com/​blob/​354972/​7009c​74e7a​d96fa​
d7ad3​4555d​81bc3​16/​pl0us​14-​laser​tec-​65-​3d-​pdf-​data.​pdf, 2014.

	120.	 Kurzynowski T, Pawlak A, Smolina I (2020) The potential of 
SLM technology for processing magnesium alloys in aerospace 
industry. Arch Civ Mech Eng 20(1):23

	121.	 Altıparmak SC, Xiao B (2021) A market assessment of addi-
tive manufacturing potential for the aerospace industry. J Manuf 
Process 68:728–738

	122.	 Koykendall J, CM, Holdowsky J, Mahto M (2014) Report on 3D 
Opportunity in Aerospace and Defense: Additive Manufacturing 
Takes Flight, in A Deloitte series on additive manufacturing

	123.	 Henderson MB, Arrell D, Larsson R, Heobel M, Marchant G 
(2004) Nickel based superalloy welding practices for industrial 
gas turbine applications. Sci Technol Weld Joining 9(1):13–21

	124.	 Portolés L, Jordá O, Jordá L, Uriondo A, Esperon-Miguez 
M, Perinpanayagam S (2016) A qualification procedure to 

http://www.optomec.com/
http://www.arcam.com
http://us.dmgmori.com/blob/354972/7009c74e7ad96fad7ad34555d81bc316/pl0us14-lasertec-65-3d-pdf-data.pdf
http://us.dmgmori.com/blob/354972/7009c74e7ad96fad7ad34555d81bc316/pl0us14-lasertec-65-3d-pdf-data.pdf


285Progress in Additive Manufacturing (2022) 7:261–287	

1 3

manufacture and repair aerospace parts with electron beam melt-
ing. J Manuf Syst 41:65–75

	125.	 Zhou J, Tsai HL, Wang PC Hybrid laser-arc welding of aero-
space and other materials, in Welding and Joining of Aerospace 
Materials, M.C. Chaturvedi, Editor 2012, Woodhead Publishing. 
109–141.

	126.	 Feng G et al (2021) Comparison of welding residual stress and 
deformation induced by local vacuum electron beam welding and 
metal active gas arc welding in a stainless steel thick-plate joint. 
J Market Res 13:1967–1979

	127.	 Vasileiou AN et al (2021) Development of microstructure and 
residual stress in electron beam welds in low alloy pressure ves-
sel steels. Materials Design 209:109924

	128.	 Liu F, Ji X, Hu G, Gao J (2019) A novel shape-adjustable surface 
and its applications in car design. Appl Sci 9(11):2339

	129.	 Costa C, Aguzzi J (2015) Temporal shape changes and future 
trends in European automotive design. Machines 3(3):256–267

	130.	 Leal R, Barreiros FM, Alves L, Romeiro F, Vasco JC, Santos M, 
Marto C (2017) Additive manufacturing tooling for the automo-
tive industry. Int J Adv Manuf Technol 92(5):1671–1676

	131.	 Garrett B (2014) 3D printing: new economic paradigms and stra-
tegic shifts. Global Pol 5(1):70–75

	132.	 Gao W, Zhang Y, Ramanujan D, Ramani K, Chen Y, Williams 
CB, Wang CCL, Shin YC, Zhang S, Zavattieri PD The status, 
challenges, and future of additive manufacturing in engineering. 
Comput-Aided Design, 2015. 69(Supplement C): 65–89.

	133.	 Khajavi SH, Partanen J, Holmström J (2014) Additive manufac-
turing in the spare parts supply chain. Comput Ind 65(1):50–63

	134.	 Delic M, Eyers DR (2020) The effect of additive manufacturing 
adoption on supply chain flexibility and performance: an empiri-
cal analysis from the automotive industry. Int J Production Econ 
228:107689

	135.	 Chan HK, Griffin J, Lim JJ, Zeng F, Chiu ASF (2018) The impact 
of 3D Printing Technology on the supply chain: manufacturing 
and legal perspectives. Int J Prod Econ 205:156–162

	136.	 Delic M, Eyers DR, Mikulic J (2019) Additive manufactur-
ing: empirical evidence for supply chain integration and per-
formance from the automotive industry. Supply Chain Manag 
24(5):604–621

	137.	 Eyers Daniel R, Potter Andrew T, Gosling J, Naim Mohamed 
M (2018) The flexibility of industrial additive manufacturing 
systems. Int J Oper Prod Manag 38(12):2313–2343

	138.	 Schniederjans DG (2017) Adoption of 3D-printing technolo-
gies in manufacturing: A survey analysis. Int J Prod Econ 
183:287–298

	139.	 Bogue R (2013) 3D printing: the dawn of a new era in manufac-
turing? Assem Autom 33(4):307–311

	140.	 Giffi CA, Gangula B (2014) 3D opportunity for the automotive 
industry: Additive manufacturing hits the road, Deloitte Univer-
sity Press, Westlake, Texas.

	141.	 Thomas-Seale LEJ, Kirkman-Brown JC, Attallah MM, Espino 
DM, Shepherd DET (2018) The barriers to the progression of 
additive manufacture: Perspectives from UK industry. Int J Prod 
Econ 198:104–118

	142.	 Weller C, Kleer R, Piller FT (2015) Economic implications of 3D 
printing: market structure models in light of additive manufactur-
ing revisited. Int J Prod Econ 164:43–56

	143.	 Yadav DK, Srivastava R, Dev S (2020) Design & fabrication 
of ABS part by FDM for automobile application. Mater Today 
26:2089–2093

	144.	 Gilmour L Emerging Trends In Additive Manufacturing for 
Health Care. 2020; Available from: https://​www.​sme.​org/​techn​
ologi​es/​artic​les/​2020/​may/​emerg​ing-​trends-​in-​addit​ive-​manuf​
actur​ing-​for-​health-​care/.

	145.	 Javaid M, Haleem A (2018) Additive manufacturing applications 
in medical cases: a literature based review. Alexandria J Med 
54(4):411–422

	146.	 Culmone C, Smit G, Breedveld P (2019) Additive manufacturing 
of medical instruments: a state-of-the-art review. Addit Manuf 
27:461–473

	147.	 Puppi D, Chiellini F (2020) Biodegradable polymers for biomedi-
cal additive manufacturing. Appl Materials Today 20: 100700.

	148.	 Galante R, Figueiredo-Pina CG, Serro AP (2019) Additive man-
ufacturing of ceramics for dental applications: a review. Dent 
Mater 35(6):825–846

	149.	 Ryan CNM, Fuller KP, Larrañaga A, Biggs M, Bayon Y, Sar-
asua JR, Pandit A, Zeugolis DI (2015) An academic, clinical 
and industrial update on electrospun, additive manufactured 
and imprinted medical devices. Expert Rev Med Devices 
12(5):601–612

	150.	 Sabahi N, Chen W, Wang C-H, Kruzic JJ, Li X (2020) A review 
on additive manufacturing of shape-memory materials for bio-
medical applications. JOM 72(3):1229–1253

	151.	 Miljanovic D, Seyedmahmoudian M, Stojcevski A, Horan B 
Design and fabrication of implants for mandibular and crani-
ofacial defects using different medical-additive manufacturing 
technologies: a review. Ann Biomed Eng 2020.

	152.	 Almeida HA, Costa AF, Ramos C, Torres C, Minondo M, Bár-
tolo PJ, Nunes A, Kemmoku D, da Silva JVL Additive manufac-
turing systems for medical applications: case studies, in additive 
manufacturing—developments in training and education, E. Pei, 
M. Monzón, and A. Bernard, Editors. 2019, Springer Interna-
tional Publishing: Cham. p. 187–209.

	153.	 Alqahtani MS, Al-Tamimi A, Almeida H, Cooper G, Bartolo P 
(2020) A review on the use of additive manufacturing to produce 
lower limb orthoses. Progress Additive Manuf 5(2):85–94

	154.	 Nazir A, Abate KM, Kumar A, Jeng J-Y (2019) A state-of-
the-art review on types, design, optimization, and additive 
manufacturing of cellular structures. Int J Adv Manuf Technol 
104(9):3489–3510

	155.	 Wohlers, Additive manufacturing and 3D printing: State of the 
industry, 2013. p 14.

	156.	 Barone S, Casinelli M, Frascaria M, Paoli A, Razionale AV 
(2016) Interactive design of dental implant placements through 
CAD-CAM technologies: from 3D imaging to additive manufac-
turing. Int J Interactive Design Manuf (IJIDeM) 10(2):105–117

	157.	 Javaid M, Haleem A (2019) Current status and applications of 
additive manufacturing in dentistry: a literature-based review. J 
Oral Biol Craniofacial Res 9(3):179–185

	158.	 Rückschloß T, Ristow O, Müller M, Kühle R, Zingler S, Engel 
M, Hoffmann J, Freudlsperger C (2019) Accuracy of patient-
specific implants and additive-manufactured surgical splints in 
orthognathic surgery—a three-dimensional retrospective study. 
J Cranio-Maxillofacial Surg 47(6):847–853

	159.	 Lowther M, Louth S, Davey A, Hussain A, Ginestra P, Carter L, 
Eisenstein N, Grover L, Cox S (2019) Clinical, industrial, and 
research perspectives on powder bed fusion additively manufac-
tured metal implants. Addit Manuf 28:565–584

	160.	 Zhou J, Pan B, Yang Q, Zhao Y, He L, Lin L, Sun H, Song Y, Yu 
X, Sun Z, Jiang H (2016) Three-dimensional autologous cartilage 
framework fabrication assisted by new additive manufactured 
ear-shaped templates for microtia reconstruction. J Plast Reconstr 
Aesthet Surg 69(10):1436–1444

	161.	 Kang H-W, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala A (2016) A 
3D bioprinting system to produce human-scale tissue constructs 
with structural integrity. Nat Biotechnol 34:312

	162.	 Putra NE, Mirzaali MJ, Apachitei I, Zhou J, Zadpoor AA (2020) 
Multi-material additive manufacturing technologies for Ti-, Mg-, 

https://www.sme.org/technologies/articles/2020/may/emerging-trends-in-additive-manufacturing-for-health-care/
https://www.sme.org/technologies/articles/2020/may/emerging-trends-in-additive-manufacturing-for-health-care/
https://www.sme.org/technologies/articles/2020/may/emerging-trends-in-additive-manufacturing-for-health-care/


286	 Progress in Additive Manufacturing (2022) 7:261–287

1 3

and Fe-based biomaterials for bone substitution. Acta Biomater 
109:1–20

	163.	 Carluccio, D., Xu, C., Venezuela, J., Cao, Y., Kent, D., Ber-
mingham, M., Demir, Ali G., Previtali, B., Ye, Q., Dargusch, 
M., Additively manufactured iron-manganese for biodegradable 
porous load-bearing bone scaffold applications. Acta Biomate-
rialia, 2020. 103: p. 346–360.

	164.	 Qu H (2020) Additive manufacturing for bone tissue engineering 
scaffolds. Materials Today Commun 24:101024

	165.	 Garreta E et al (2017) Tissue engineering by decellularization 
and 3D bioprinting. Mater Today 20(4):166–178

	166.	 Wu Y-HA et al (2019) 3D-printed bioactive calcium silicate/poly-
ε-caprolactone bioscaffolds modified with biomimetic extracel-
lular matrices for bone regeneration. Int J Mol Sci 20(4):942

	167.	 Banks J (2013) Adding value in additive manufacturing: 
researchers in the united kingdom and europe look to 3D print-
ing for customization. IEEE Pulse 4(6):22–26

	168.	 Parthasarathy J, Starly B, Raman S (2011) A design for the addi-
tive manufacture of functionally graded porous structures with 
tailored mechanical properties for biomedical applications. J 
Manuf Process 13(2):160–170

	169.	 Gaytan SM, Murr LE, Martinez E, Martinez JL, Machado BI, 
Ramirez DA, Medina F, Collins S, Wicker RB (2010) Compari-
son of microstructures and mechanical properties for solid and 
mesh cobalt-base alloy prototypes fabricated by electron beam 
melting. Metall and Mater Trans A 41(12):3216–3227

	170.	 Bose S, Tarafder S (2012) Calcium phosphate ceramic systems 
in growth factor and drug delivery for bone tissue engineering: 
a review. Acta Biomater 8(4):1401–1421

	171.	 Zein NN, Hanouneh IA, Bishop PD, Samaan M, Eghtesad B, 
Quintini C, Miller C, Yerian L, Klatte R (2013) Three-dimen-
sional print of a liver for preoperative planning in living donor 
liver transplantation. Liver Transpl 19(12):1304–1310

	172.	 Ahmadi SM, Kumar R, Borisov EV, Petrov R, Leeflang S, Li 
Y, Tümer N, Huizenga R, Ayas C, Zadpoor AA, Popovich VA 
(2019) From microstructural design to surface engineering: a 
tailored approach for improving fatigue life of additively manu-
factured meta-biomaterials. Acta Biomater 83:153–166

	173.	 Melancon D, Bagheri ZS, Johnston RB, Liu L, Tanzer M, Pasini 
D (2017) Mechanical characterization of structurally porous bio-
materials built via additive manufacturing: experiments, predic-
tive models, and design maps for load-bearing bone replacement 
implants. Acta Biomater 63:350–368

	174.	 Harun WSW, Kamariah MSIN, Muhamad N, Ghani SAC, Ahmad 
F, Mohamed Z (2018) A review of powder additive manufac-
turing processes for metallic biomaterials. Powder Technol 
327:128–151

	175.	 Kumar R, Kumar M, Chohan JS (2021) The role of additive 
manufacturing for biomedical applications: a critical review. J 
Manuf Process 64:828–850

	176.	 Sanghera B, et al. Preliminary study of rapid prototype medical 
models. Rapid Prototyping J 2001.

	177.	 Jamieson R, Holmer B, Ashby A (1995) How rapid prototyping 
can assist in the development of new orthopaedic products—a 
case study. Rapid Prototyping J 1(4):38–41

	178.	 Ripley B et al (2016) 3D printing based on cardiac CT assists 
anatomic visualization prior to transcatheter aortic valve replace-
ment. J Cardiovasc Comput Tomogr 10(1):28–36

	179.	 Pietrabissa A et al (2016) From CT scanning to 3-D printing 
technology for the preoperative planning in laparoscopic sple-
nectomy. Surg Endosc 30(1):366–371

	180.	 Hieu LC et al (2003) Design for medical rapid prototyping of 
cranioplasty implants. Rapid Prototyping J 9(3):175–186

	181.	 Hochman JB et al (2015) Comparison of cadaveric and isomor-
phic three-dimensional printed models in temporal bone educa-
tion. Laryngoscope 125(10):2353–2357

	182.	 Cohen J, Reyes SA (2015) Creation of a 3D printed tem-
poral bone model from clinical CT data. Am J Otolaryngol 
36(5):619–624

	183.	 Cohen A et  al (2009) Mandibular reconstruction using ste-
reolithographic 3-dimensional printing modeling technol-
ogy. Oral Surg Oral Med Oral Pathol Oral Radiol Endodontol 
108(5):661–666

	184.	 Auricchio F, Marconi S (2016) 3D printing: clinical applica-
tions in orthopaedics and traumatology. EFORT Open Rev 
1(5):121–127

	185.	 Sing SL et al (2016) Laser and electron-beam powder-bed addi-
tive manufacturing of metallic implants: a review on processes, 
materials and designs. J Orthop Res 34(3):369–385

	186.	 Dodziuk H (2016) Applications of 3D printing in healthcare. 
Kardiochirurgia i Torakochirurgia Polska/Polish Journal of Tho-
racic and Cardiovascular Surgery 13(3):283–293

	187.	 Tanaka KS, Lightdale-Miric N (2016) Advances in 3D-printed 
pediatric prostheses for upper extremity differences. JBJS. 
98(15).

	188.	 Whitley D, ERS, Rudek I, Bencharit S (2017) In-office fabri-
cation of dental implant surgical guides using desktop stereo-
lithographic printing and implant treatment planning software: 
a clinical report. J Prosthetic Dentistry 118(3): 256–63.

	189.	 Fina F, MC, Goyanes A, Zhang J, Gaisford S, Basit AW (2018) 
Fabricating 3D printed orally disintegrating printlets using 
selective laser sintering. Int J Pharmaceutics 541(1): 101-107

	190.	 Pereira BC et al (2019) ‘Temporary Plasticiser’: a novel solu-
tion to fabricate 3D printed patient-centred cardiovascular 
‘Polypill’architectures. Eur J Pharm Biopharm 135:94–103

	191.	 Awad A et al (2019) 3D printed pellets (miniprintlets): A novel, 
multi-drug, controlled release platform technology. Pharma-
ceutics 11(4):148

	192.	 Zuniga JM et al (2018) Coactivation index of children with 
congenital upper limb reduction deficiencies before and after 
using a wrist-driven 3D printed partial hand prosthesis. J Neu-
roeng Rehabil 15(1):1–11

	193.	 Paolini A, Kollmannsberger S, Rank E (2019) Additive manu-
facturing in construction: a review on processes, applications, 
and digital planning methods. Additive Manuf 30:100894

	194.	 Labonnote N, Rønnquist A, Manum B, Rüther P (2016) Addi-
tive construction: State-of-the-art, challenges and opportuni-
ties. Autom Constr 72:347–366

	195.	 Pegna J (1997) Exploratory investigation of solid freeform 
construction. Autom Constr 5(5):427–437

	196.	 Baumgartner S, Gmeiner R, Schönherr JA, Stampfl J (2020) 
Stereolithography-based additive manufacturing of lithium 
disilicate glass ceramic for dental applications. Materials Sci 
Eng 116:111180

	197.	 Zhang H, Yang Y, Hu K, Liu B, Liu M, Huang Z (2020) Stere-
olithography-based additive manufacturing of lightweight and 
high-strength Cf/SiC ceramics. Addit Manuf 34:101199

	198.	 Raynaud J, Pateloup V, Bernard M, Gourdonnaud D, Passerieux 
D, Cros D, Madrangeas V, Chartier T (2020) Hybridization of 
additive manufacturing processes to build ceramic/metal parts: 
Example of LTCC. J Eur Ceram Soc 40(3):759–767

	199.	 Aramian A, Razavi SMJ, Sadeghian Z, Berto F (2020) A 
review of additive manufacturing of cermets. Additive Manuf 
33:101130

	200.	 Aramian A, Sadeghian Z, Prashanth KG, Berto F (2020) In situ 
fabrication of TiC-NiCr cermets by selective laser melting. Int J 
Refractory Metals Hard Materials. 87:105171

	201.	 Shakor P, Nejadi S, Paul G, Malek S (2019) Review of emerging 
additive manufacturing technologies in 3d printing of cementi-
tious materials in the construction industry. Front Built Environ. 
4(85).



287Progress in Additive Manufacturing (2022) 7:261–287	

1 3

	202.	 Delgado Camacho D, Clayton P, O’Brien WJ, Seepersad C, 
Juenger M, Ferron R, Salamone S (2018) Applications of addi-
tive manufacturing in the construction industry—a forward-
looking review. Automation Construction. 89:110–119

	203.	 Bhardwaj A, Jones SZ, Kalantar N, Pei Z, Vickers J, Wangler T, 
Zavattieri P, Zou N Additive manufacturing processes for infra-
structure construction: a review. J Manuf Sci Eng 2019. 141(9).

	204.	 Gosselin C, Duballet R, Roux P, Gaudillière N, Dirrenberger 
J, Morel P (2016) Large-scale 3D printing of ultra-high perfor-
mance concrete—a new processing route for architects and build-
ers. Mater Des 100:102–109

	205.	 Kleer R, Piller FT (2019) Local manufacturing and structural 
shifts in competition: Market dynamics of additive manufactur-
ing. Int J Prod Econ 216:23–34

	206.	 Savolainen J, Collan M (2020) How additive manufacturing tech-
nology changes business models?—review of literature. Additive 
Manuf 32: 101070.

	207.	 Strong D, Kay M, Conner B, Wakefield T, Manogharan G (2018) 
Hybrid manufacturing—integrating traditional manufacturers 
with additive manufacturing (AM) supply chain. Addit Manuf 
21:159–173

	208.	 Vanderploeg A, Lee S-E, Mamp M (2017) The application of 3D 
printing technology in the fashion industry. Int J Fashion Design 
Technol Educ 10(2):170–179

	209.	 Srivastava M, Rathee S, Maheshwari S, Siddiquee AN, Kundra 
TK (2019) A review on recent progress in solid state friction 
based metal additive manufacturing: friction stir additive tech-
niques. Crit Rev Solid State Mater Sci 44(5):345–377

	210.	 Sealy MP et al Hybrid processes in additive manufacturing. J 
Manuf Sci Eng 2018. 140(6).

	211.	 Stavropoulos P et al (2020) Hybrid subtractive–additive manu-
facturing processes for high value-added metal components. Int 
J Adv Manuf Technol 111(3):645–655

	212.	 Rathee S, Srivastava M, Pandey PM, Mahawar A, Shukla S 
(2021) Metal additive manufacturing using friction stir engineer-
ing: a review on microstructural evolution, tooling and design 
strategies. CIRP J Manuf Sci Technol 35:560–588

	213.	 Rathee S, Maheshwari S, Noor Siddiquee A, Srivastava M (2018) 
A review of recent progress in solid state fabrication of compos-
ites and functionally graded systems via friction stir processing. 
Crit Rev Solid State Mater Sci 43(4):334–366

	214.	 Pandey PM, Rathee S, Srivastava M, Jain PK (2021) Functionally 
graded materials (FGMs): fabrication, properties, applications, 
and advancements, 1st edn. CRC Press. https://​doi.​org/​10.​1201/​
97810​03097​976

https://doi.org/10.1201/9781003097976
https://doi.org/10.1201/9781003097976

	Additive manufacturing: recent trends, applications and future outlooks
	Abstract
	1 Introduction
	2 Classification of AM technologies
	2.1 AM processes based on Vat photopolymerisation
	2.2 AM processes based on PBF technique
	2.3 AM processes based on extrusion
	2.4 AM processes based on material jetting
	2.5 AM processes based on binder jetting
	2.6 AM processes based on sheet lamination
	2.7 AM processes based upon directed energy deposition

	3 Classification of AM machines
	4 Applications of additive manufacturing
	4.1 AM parts for visualisation
	4.2 AM parts for aerospace applications
	4.3 AM parts for repair work
	4.4 AM parts in automobile applications
	4.5 Medical applications
	4.5.1 Applications of AM in biomaterials

	4.6 AM in construction industry
	4.7 Retail applications

	5 Discussion and future outlooks
	6 Conclusions
	Acknowledgements 
	References




