Open Access Article. Published on 12 Hukuri 2021. Downloaded on 2025-10-02 10:42:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

REVIEW

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2021, 11, 36398

Received 24th May 2021
Accepted 9th October 2021

DOI: 10.1039/d1ra04060j

rsc.li/rsc-advances

Additive manufacturing technology of polymeric
materials for customized products: recent
developments and future prospective

Akhilesh Kumar Pal, @2 Amar K. Mohanty {2 *2 and Manjusri Misra {2 *2°

The worldwide demand for additive manufacturing (AM) is increasing due to its ability to produce more

challenging customized objects based on the process parameters for engineering applications. The
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processing of conventional materials by AM processes is a critically demanded research stream, which has
generated a path-breaking scenario in the rapid manufacturing and upcycling of plastics. The exponential
growth of AM in the worldwide polymer market is expected to exceed 20 billion US dollars by 2021 in areas
of automotive, medical, aerospace, energy and customized consumer products. The development of
functional polymers and composites by 3D printing-based technologies has been explored significantly
due to its cost-effective, easier integration into customized geometries, higher efficacy, higher precision,
freedom of material utilization as compared to traditional injection molding, and thermoforming
techniques. Since polymers are the most explored class of materials in AM to overcome the limitations,
this review describes the latest research conducted on petroleum-based polymers and their composites
using various AM techniques such as fused filament fabrication (FFF), selective laser sintering (SLS), and

stereolithography (SLA)

related to 3D printing

in engineering applications such as biomedical,

automotive, aerospace and electronics.

1. Introduction

Additive manufacturing (AM) is designated as one of the revo-
lutionary innovations since the 19th century, which signifi-
cantly reshaped the manufacturing industries.'? AM, an
advanced approach of materials fabrication, is a set of tech-
niques, which use a layer-by-layer approach to construct

r
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complex shaped parts. Most commonly, it is ascribed as rapid
prototyping (RP), free-form fabrication, with low energy
consumption and high design flexibility.** The AM technique is
versatile, adaptable, flexible, highly customizable and can be
utilized in many sectors of industrial production.” Such char-
acteristics have been acknowledged to be immensely advanta-
geous in biomedical and automotive industries amongst others
including construction, healthcare, dental and aerospace
industries.*® The advantageous side of AM is its nonrequire-
ment of molding tools and its relatively less time consumption
to fabricate customized parts, which are the most beneficial
parameters for a robust manufacturing system. Computer-
aided design (CAD) software is an integral part of AM tech-
nology, which helps to create personalized digital designs and
3D models to fabricate the prototypes.® In detail, such softwares
prepare 3D models in the form of slices, which represent layers
while polymer printing. Such digital files also comprise infor-
mation about the material's properties and printing parameters
used in various printing techniques.'® Fundamentally, AM is
completely different from the available traditional subtractive
manufacturing-based techniques. This technique is based on
the ‘bottom-up’ or ‘top-down’ approaches where a customized
structure is fabricated using layer-by-layer model rather than
casting or injection technologies. An extensive variety of mate-
rials such as metals, ceramics, polymers along with combina-
tions in the form of blends, hybrids and composites can be
utilized in AM technique. An excessive research work is required
using AM to address the challenges associated with its two key
technologies named ‘materials’ and ‘metrology’ to make this
functional in prognostic and reproductive ways.” However, the
interest in using AM technology at industrial scale has been
increased exponentially due to its capability to produce real,
complex shaped, innovative and robust products.

The production of complex geometries as per available
advanced computer design software becomes an emerging
research area in 3D printing. The limitations in printability and
mechanical properties of neat polymers encourage the scientist
community to develop high performance 3D printable polymer
blends and composites, which have various advantages
including cost effectiveness, high precision, reduction in poly-
mer wastes, minimal chemical usage and customized complex
geometries.' Such developed geometries can be utilized as per
the demand in various domains of applications including
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packaging, medical, tissue engineering, automotive, aerospace
and electronics engineering.">™* Common techniques in 3D
printing are fused filament fabrication (FFF), binder jetting 3D
printing (BJP), selective laser sintering (SLS), and stereo-
lithography (SLA) in which particle, fiber, and nanomaterial
reinforced polymer composites can be utilized for the property's
enhancement of individual polymer."*™” Wang et al** has
published a review article on 3D printing of polymer matrix
composites in which various combinations of particle/polymer
(e.g. iron/acrylonitrile butadiene styrene (ABS), copper/ABS,
aluminium/nylon-6, tungsten/polycarbonate), fiber/polymer
(e.g. short glass fibers/ABS, short carbon fibers/ABS, contin-
uous carbon fibers/nylon, continuous carbon fibers/poly lactic
acid (PLA)), and nanomaterial/polymer (e.g. TiO,/ABS,
graphene/ABS, montmorillonite/ABS, carbon black/nylon-12,
silica/nylon-11) have been tabulated as polymer composites to
enhance the mechanical, electrical, thermal, and other
properties.

The problems related to oil exhaustion in the fabrication of
non-biodegradable synthetic plastics have been developed
exponentially and have unfortunately disturbed the ecosystem
due to its accumulation in the environment based on the
commercially available fabrication techniques.*®*® This serious
issue has motivated researchers to find a way in terms of
sustainable material development and versatile techniques to
replace the synthetic polymers as well as the conventional
fabrication techniques such as injection molding, compression
molding and thermoforming. In this direction, sustainable and
biobased polymers have drawn attention because they can be
produced from renewable resources and can be recycled but not
biodegradable. Whereas, three-dimensional (3D) printing (as
shown in Fig. 1) which is also known as additive manufacturing,
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is the latest developed technique and one of the best solutions
for existing problems related to polymer wastes accumulation,
landfill and disposal.”

The utilization of waste conventional plastic to develop 3D
geometries is also an emerging area in which the used synthetic
plastics can be mixed with sustainable fillers such as biocarbon,
talc and renewable fillers such as cellulose,” and banana
fibers®* to meet the various required properties as per the tar-
geted application. Recently, selective laser sintering and inkjet
3D printing techniques have been wused widely for
manufacturing complex 3D geometries by using various
conventional polymers such as PET, nylon 6 *> and renewable
biobased materials such as wood flour, rice husk, and mis-
canthus fibers* respectively in powdered form. Hence, powder
based additive manufacturing is one of the techniques, which
may trigger the revolutionary changes at industrial scale due to
its rapid tooling and prototyping in various manufacturing
areas. An ideal packaging or implant material must be non-
toxic, biocompatible, easily moldable, and mechanically
durable.***¢ A vast variety of application specific polymer
objects such as fixation devices, scaffolds, bone like complex
structures, implants, packaging materials, and automotive
parts can be manufactured by 3D printers with relatively better
efficiency, higher accuracy, minimal tooling cost, and time as
compared with traditional manufacturing techniques such as
injection molding and thermoforming.>*® At present, other
materials such as metals and ceramics are used extensively in
3D printing in an industrial scale.”**' However, the use of
sustainable polymers is limited at industrial scale due to their
limitations such as processing window, brittleness, lower
mechanical properties, compatibility with other conventional
polymers and poor durability. On the other hand, bio-based

Complex

Automotive

Printed Application

Fig. 1 Schematic representation of overall 3D printing process (drawn by authors).
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Table 1 Various types of additive manufacturing techniques as per ASTM standard F2792-12a%

Technology Process Explanation

Fused filament fabrication Material The material is extruded at a temperature more than its processing temperature and form

(FFF) extrusion products layer by layer

Electron beam direct Direct energy A metal wire is melted by using an electron beam and forms an object layer by layer

manufacturing (EBDM) deposition

Selective laser sintering (SLS) Powder bed A laser source is used to sinter the powder material and forms layer upon layer to build a product
fusion

Stereolithography (SLA) Photo- An ultraviolet (UV)-based laser beam is used to harden liquid photocurable resin and forms
polymerization product layer by layer

Binder jetting 3D printing Binder jetting A binding material is ejected by a movable inkjet and distributed over material's powder to form

(BJP) object in layers

3D plotting or polyjet printing Material jetting A liquid photopolymer is jetted out very precisely which hardened in the presence of UV light and

(3DP) forms the object after stacking of the layers

Laminated object Sheet The layers of adhesive-coated material are glued together, and a laser or knife is used to cut it in

manufacturing (LOM) lamination a shape

and/or biodegradable polymers namely poly(lactic acid) (PLA)
and polycaprolactone (PCL) have been explored in 3D printing
to develop biocompatible scaffolds for biomedical applications,
e.g., bone tissue scaffolds.***?

In popular terms, additive manufacturing is not just one
technique, it represents several technologies which have been
recently developed. Other conventional techniques such as
compression molding, injection molding, and thermoforming
are called subtractive fabrication methodologies due to the final
object being produced by subtracting the material.**** Whereas
additive manufacturing means the addition of new material to
prepare the object. In 3D printing, there is a flexibility behind
the addition of material in the form of layer by layer, which is
highly efficient in terms of material usage.*! Various types of 3D
printing technologies exist based on the type of material usage
and working principle. No matter the technology involved, all
are additive. Additive manufacturing has been divided in
several categories based on different variations. It is noteworthy
to mention that the American Society for Testing and Materials
(ASTM) have mentioned the division of the additive
manufacturing technologies as shown in Table 1.

The first commercial instrument based on 3D printing was
introduced in 1980, which has developed the technological and
scientific impact of additive manufacturing on the society."
From the research point of view, the impact of this technique
can also be justified from Fig. 2(a), which represents the
number of publications per annum from 1990 to 2020 using the
words such as “3D Printing”, “Additive Manufacturing”, and
“Rapid Prototyping”. It is concluded that the research work on
3D printing has been continued mainly from the last three
decades. Now, the interest has been shifted towards biode-
gradable polymers from last 4-5 years.

Fig. 2(b) shows the percentage involvement or utilization of
additive manufacturing in various industrial sectors. The
market size of 3D printing was ~4.4 billion US dollars in 2013,
which has been reached up to ~12 billion US dollars in 2018.
Further, it is expected to drastically increase up to ~21 billion
US dollars by 2021. This significant growth in 3D printing is
mainly the result of increasing interest of researchers and
industrialists in additive manufacturing related activities in

© 2021 The Author(s). Published by the Royal Society of Chemistry

multiple applications such as automotive, medical, aerospace,
energy and customized consumer products. The worldwide
market situation of 3D printing is growing exponentially as
shown in Fig. 2(c).*” The advances in 3D printing have not only
made it a robust technique to use, but it can also be used to
fabricate customized products from metals, ceramics, glasses
and polymers.**3%3%°

2. Injection molding vs. 3D printing
technology

In this section, the widely used conventional injection molding
technique is compared to the versatile 3D printing technique in
terms of printing speed and cost effectiveness.** Such parame-
ters are measured critically at industrial manufacturing scale,
which are highly responsible to earn profits from the produc-
tion. The injection molding process needs molds that are very
costly and heavy. This means that the tooling and maintenance
costs are higher for injection molding. Whereas 3D printing
demands relatively lower fixed costs and operational cost as
compared with injection molding for very small production
runs. Such benefits help the industries/organizations to use 3D
printing cost-effectively to complete custom-made orders and
help niche markets. The amount of waste material in subtrac-
tive technologies in particular injection molding is higher
because it utilizes multiple axis cutting machines to shape the
plastics, metals and ceramics.*>*> Whereas, being an additive
manufacturing technique, 3D printing produces less/zero
wastes ie. no scrap, milling and sanding. For example, in
metal applications, the generation of waste material has been
reduced up to 40% in 3D printing as compared to that of
subtractive technologies.** Some of the most important advan-
tages in 3D printing are its printing quality, flexibility to
produce customized designs, and recycling: all of which are not
possible with an injection molding technique. Petrovic et al.*
have mentioned that approximately 95-98% of wastes can be
easily recycled using 3D printing and contributed significantly
towards the development of sustainable plastics. Whereas the
subtractive technologies create 96% wastes during the

RSC Adv, 2021, 11, 36398-36438 | 36401
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technique in various industrial sectors;** and (c) worldwide market size of 3D printing per annum?® (data acquired from http://www.statista.com,
accessed on September 17, 2021) (drawn by authors). Note: industrial sectors: (A) others, (B) architectural, (C) government/military, (D) academic,
(E) medical/dental, (F) aerospace, (G) motor vehicles, (H) consumer products/electronics and (I) industrial machines.

production of parts. The variable costs per object do not change
with the large production runs in 3D printing. This technique
can prototype objects much faster as compared to that of
conventional techniques including molding, milling and
forging as no set-up time is needed to produce a product in 3D
printing.** Further, the production of revised designs may take
less time.*

3. Currently available additive
manufacturing techniques

The selection of the most appropriate AM technique for
a specific application can be difficult. An extensive variety of
accessible 3D printing methods and materials often means that
quite a lot of them can be feasible, however individual tech-
nique offers variations in dimensional precision, surface finish
and post-processing conditions. Many institutions/companies

36402 | RSC Adv, 2021, N, 36398-36438

have discovered new techniques and come up with their indi-
vidual marketing terms for the new technique, though the
fundamental technology might be the identical. As per ASTM
standards, AM can be divided into the following seven cate-
gories based on creating individual layer. The aim of this
section is to describe various types of currently available 3D
printed techniques, their origin, working principle, advantages,
limitations and summarize the differences among them.

3.1. Fused filament fabrication (FFF)

This technique was first described by S. S. Crump in 1991 and
an US Patent 5121329 was granted in 1992 at Stratasys.*®*
Among all existing AM technologies, FFF based 3D printing is
a well-known inexpensive and scalable technology used to build
customized products in layer by layer fashion after melting the
thermoplastic filaments through extrusion and subsequently
pushing the molten material out through the nozzle or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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orifice.*®* It is also known as the “Free Form Fabrication”
technique. 3D printers are designed on the basis of a Cartesian
structure having three controlled axes and one/two hot extru-
sion head including a building platform.* In detail, FFF based
3D printers (as shown in Fig. 3a) can be divided into various
components such as hot end (contains heating element and
nozzle), cold end (motor mechanism to create the extrusion
force), three axes (allow independent motion in x, y and z
directions), print bed (flat surface to produce object), and
motherboard (brain of 3D printer, controls all the parameters
through a CAD software).”* Multiple materials with different
colors can then be printed simultaneously due to having
multiple printing heads. The semi-molten material coming out
of the nozzles solidifies immediately by cooling on the x-y axes
of the build platform, followed by subsequent deposition of
a fresh layer on top of previous layer by adjusting the print head
or build platform automatically.**** Further, the bonds forma-
tion between two deposited layers provide strength to the final
product.*** The resolution and performance of the produced
products depend on various parameters such as processing
temperature, raster angle, raster thickness, layer height, layer
density, and printing velocity.”»*® Advantages of 3D printing
include low cost, customized product fabrication, easy removal
of support structures, and surface coating possibility.**
However, few limitations (as shown in Table 2) of FFF based 3D
printing technology are vertical anisotropy, step structured
surface, layer adhesion and nozzle clogging as compared to
other traditional manufacturing methods.>”** The heteroge-
neity in the density and diameter of the filaments can also
impart surface defects on the printed products. These limita-
tions can be eliminated by applying various strategies such as
increments in melting temperature, gamma irradiation of the
final products, and thermally recyclable Diels-Alder reac-
tions.””*® Thermal shrinkage is also one of the issues that
deteriorates the interlayer adhesion and mechanical perfor-
mance of the printed products® that can be controlled by the
limited adjustment in the cooling rate of the temperature of the
build platform.” The selection of inappropriate processing
temperature and non-uniform diameter of filaments may also
cause problems related to nozzle clogging of 3D printer, which
can be minimized by softening the filament after increasing the
printing temperature or by connecting additional printing tools
at the top of the machine such as actuators or by using
simplified configuration of FFF machines.®*** The analytical
properties such as mechanical and thermal of 3D printed parts
have often found lower as compared to that of injection molded
parts.®® It is due to the anisotropic effects caused by the direc-
tionality of 3D printed layers. Another most common limitation
of FFF based technique is the need of filament fabrication from
feedstock materials by melt extrusion before 3D printing.*
Feedstock materials generally include conventional materials,
polymers, polymer blends, and composites. The melt extrusion
process is generally carried out for the new feedstocks to
prepare the filaments. Sometimes, it is challenging to extrude
filaments from feedstocks due to the challenging mechanical,
thermal and rheological properties.** The extruded filaments
must sustain uniform diameter and low melt viscosity to

36404 | RSC Adv, 2021, 11, 36398-36438
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enhance the consistent flow."* However, it is noteworthy to
mention that the viscosity and modulus of the molten filament
is adequately high to self-support the developed structure and
to avoid buckling.® Hence, the mechanically and rheologically
balanced feedstock materials can only be used for 3D printing.
Whereas, additives such as plasticizers and compatibilizers are
usually mixed with the feedstock materials to balance the
rheological properties, homogeneity, components adhesion,
and mechanical friction between molten filament and
extruder.®® The cost-effective 3D printers are made commer-
cially available by various manufacturers such as Lulzbot,
Flashforge, Makerbot, Prusa, Ultimaker, and Stratasys - all of
which are widely used for various industries and private users.®’
These printers can be used only for a limited variety of materials
such as ABS, PLA, thermoplastic polyurethane (TPU) and poly-
amides (PAs) as compared to other conventional manufacturing
techniques such as injection and thermoforming. The resolu-
tion of printing objects from such polymers is an inevitable
parameter, which can be adjusted by optimizing the printing
speed.?® The modern 3D printers show a resolution up to 40 um,
which can be improved by faster printing rates.**

3.2. Electron beam direct manufacturing (EBDM)

Electron beam direct manufacturing, also known as electron
beam melting (EBM) is one of the types of additive
manufacturing that is used to fabricate metal parts.®® In this
technique, the metals or metal alloys are positioned under
vacuum and fused together with the help of heat produced by
electron beams.* Based on the type of raw materials used, it is
divided in to two parts: (i) metal wire-based manufacturing and
(ii) metal powder-based manufacturing. Metal wire-based
manufacturing is based on the melting of welding wires by
electron beam and its conversion into a desired metal part,
collected on the build platform as shown in Fig. 3b. This tech-
nique is very similar to FFF based 3D printing technique, the
differences are (i) in the utilization of metals in place of plastics
and (ii) FFF heats the material through the nozzle-head, while
the EBAM uses the electron beam coming from electron gun
(another point of the machine). With this process, the metallic
feedstock (metal wires) is melted with high energy electron
beam sources. This highly efficient power source can focus
precisely on drawing the product with high resolution.®® This
process can only run at high vacuum environment (10~ * torr or
greater), which provides a contamination free work zone.” In
such a way, no additional inert gases are required to avoid
contamination and the purity of the printed metal parts will
also be very high. The metal powder-based manufacturing
technique is used to produce metal parts by using metal powder
unlike metal wire.” An electron beam under high vacuum is
used as a heat source to melt the metal powder and convert it
into solid mass. The density of the fabricated metal (with this
technique) is higher than that of fabricated parts from other
technique i.e., metal wire-based manufacturing. The 3D CAD
model is used to design metal parts in the form of successive
layers of powdered material. Further, these layers are melted
together by the electron beam and builds the metal parts with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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targeted microstructural and mechanical properties.”” This
technique can be used at high temperature (up to 1000 °C) to
produce metal parts from highly reactive materials such as
titanium and niobium.” It can only be possible under high
vacuum so that the reactive materials can't form metal oxides in
the presence of oxygen.

3.3. Selective laser sintering (SLS)

Selective laser sintering, an advanced additive manufacturing
technique, uses a focused laser as a power source for sintering
powdered materials including polyamide and polypropylene.”™
In this technique, the laser aims automatically at the special
coordinates, defined by a 3D digital model. The high energy of
laser transfers to powdered material in the form of heat, which
melts the material and binds it to fabricate a solid structure. SLS
technique was patented by Carl Deckard at the University of
Texas in 1988.” Commercially available powdered materials
including metals, and polymers such as polystyrene, poly-
carbonate, polyaryletherketones (PAEK) and polyamides are
suitable for SLS 3D printing.

Recently, new applications for 3D printed materials
emerged such as packaging, visual aids, or decorative parts
for example. The high volume of material is required for most
of these applications, as the volume of waste generated is
more. Generally, used materials are fossil-based polymers in
solid or porous/foamed state, which are neither recyclable
nor biodegradable when their useful life concludes.””® For
that reason, the use of biomass waste (biomaterials or agri-
cultural residues that are biodegradable under certain
conditions) in SLS type (as shown in Fig. 3c) of 3D printing in
powder form could further increase the environmental
benefit and reduce the cost of the printed pieces.*® To
produce the plastic-biomass composites, one interesting
option for SLS 3D printing is to perform a dry-blending step
as all the materials can be obtained in a powder form.”” It's
also possible that the developed polymer composites via
synthesis route followed by milling processes may produce
the material in powder form. Moreover, dry blending of
various solid components is a simple and low-cost technique,
which doesn't require previous melting information. Dry
blending avoids high capital, maintenance, and operational
costs while at the same time limiting the mechanical,
thermal and oxidative degradation of the matrix as well as
reinforcement phase.”® Dry-blending of polymer mixtures is
used in most of the rotational molding industries and is also
used to produce foams and composites.” So, this is a fasci-
nating option for biomaterials which are highly sensitive to
thermal degradation.®

3.4. Stereolithography (SLA)

Stereolithography was developed by Chuck Hull in 1986,*" and
is a fascinating 3D printing technique which works on
selective crosslinking of various types of materials such as
thermosetting polymers, elastomers, ceramic-based resins
and bio-inks (bio-inks are prepared by combining numerous
biocompatible materials with cells, which are subsequently
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3D printed in definite shapes layer-by-layer to produce tissue-
like, 3D structures) in the presence of ultraviolet (UV) light/
visible light and forms layer-by-layer assembly.?*®** SLA (as
shown in Fig. 3d) is a laser induced forward transfer printing
technique, which doesn't heat the donor polymer layer. It
requires an intense laser light or digital light projector to
initiate the photolytical crosslinking of bio-inks which
enables crosslinking one layer in single printing plane.** SLA
based 3D printing shows various advantages such as higher
resolution, reduced printing time and higher cell viabilities
as compared to other bioprinting techniques.** The SLA
technique is based on photopolymerization, which is defined
as a technique in which a UV light or laser is guided in
a predefined design over a path of photopolymerizable poly-
mer in liquid form followed by cross-linking it into a hard-
ened layer.*”” As each individual layer is polymerized, the
printing platform further moves up/down (based on top-down
or bottom-up configuration) into a polymer ink solution,
which allows for several cycles to construct a 3D structure.
This process is used predominantly when the solutions of
curable acrylics and epoxies are consumed as photo-
polymerizable material.®® These photopolymerizable liquid
polymers show a higher degree of fabrication along with high
accuracy (as shown in Table 2) as compared with other tech-
niques. Stereolithography is used in biomedical applications
e.g. to make computerized tomography (CT)-based molds for
producing artificial heart valves.” The main drawbacks of SLA
are the necessity of UV radiation, visible light intensity,
required longer post-processing time, and its compatibility
with fewer materials.">*

3.5. Binder jetting 3D printing (BJP)

This technique is based on the processing of the combination
of powder and liquid that does not require any predesigned
masks®® as shown in Fig. 3e. It uses the programmable digital
files to print the complex designs. In this technique, an
organic/inorganic liquid binder (1 to 100 picoliters) with low
viscosity (below 10 mPa S)°* and surface tension (in the range
of 28 to 350 mN m ™ ')*? is used to facilitate the jetting process
from the inkjet printhead.*>** First, a layer of powdery material
is spread uniformly by a roller on the build platform and the
liquid binder is dropped from the inkjet printhead (moves
only in x-y direction) over the powder layer in a selective
pattern to form a two dimensional layer of desired
design.'**>¢ After the completion of single layer, the build
platform travels downward direction and a new layer of
powder spreads over the formed single layer with the help of
roller and the excess powder is removed into an overflow box.
The same process is repeated to form the second layer. Finally,
the unbounded powder is cleaned to achieve the final product.
The structure of the printed product is adjusted by controlling
the volume of deposited binder. The eminence of the printed
product depends on various factors such as powder particle
size, liquid binder viscosity, interfacial interaction between
powder and binder, and the binder deposition speed.®” This
technique is assumed as an ideal technique to produce small
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and medium products volumes. It is basically used in the
design of soft scaffolds, human fibroblast, smooth muscle
cells, cartilage, and microbatteries.”*'** However, Inkjet 3D
Printing (IJP) is completely different from binder jetting 3D
printing as only liquid materials are used in IJP. Based on the
binder generation mechanism, inkjet 3D printers are divided
into two major groups: (i) continuous inkjet 3D printers and
(ii) drop on demand inkjet 3D printers.*> In continuous inkjet
3D printers, a continuous stream of binder droplets (~100 pm
in diameter) are produced for fabricating object and unused
liquid binder is reused. The size and spacing of the binder
droplets are managed by applying pressure wave pattern.>®
Whereas in drop on demand inkjet 3D printers, the individual
droplets (25 to 50 um in diameter) of the binder are produced
on demand when required and mostly used in tissue engi-
neering applications. A voltage and pressure pulse are the two
parameters which direct the binder droplet on demand, which
helps to eliminate the need for the separation of waste liquid
binder.'® The printing quality depends on the positional
accuracy of binder droplets. Hence, the three main factors that
are responsible to prepare the suitable binder formulations
are: (i) droplet generation, (ii) interaction between droplet and
substrate and (iii) drop solidification.'***** The liquid binder
properties differ depending on the variation in the powder
substrates and the mechanism related to drop formation at
inkjet print head. The phase transformation of binder droplet
from liquid to solid defines the shape and size of the printed
objects.”* The unsupported objects such as bridges and over-
hangs can't be printed using inkjet 3D printing. The major
advantages of binder jetting 3D printing techniques are pro-
cessing at room temperature and flexibility in material selec-
tion. This technique can be used to print any polymer material
in powder state and the support structures can be easily
removed in this technique as compared to that of other tech-
niques as mentioned in Table 2. On the other hand, the
disadvantages of this technique are the binder contamination,
nozzle clogging, printing resolution, bulging, and coffee-ring
effect.””*® The optical transparency of the printed objects is
not significantly good due to the incomplete interaction
between liquid binder and powder material. Such incomplete
interactions may create partially bounded powder particles in
the printed object, which increase the porosity and surface
roughness in the finished materials.?®

3.6. 3D plotting or polyjet printing (3DP)

3D plotting or polyjet printing was patented by Objet in 1999'%°
and was further acquired by Stratasys. This technique is
a completely different additive manufacturing technique to
binder 3D printing as shown in Fig. 3f. In this technique, ultra-
violet (UV) sensitive photocurable resins are used in place of
binding agents.®” The photopolymer resin is jetted through
print heads on the selective locations as predefined by the
digital model and is cured instantaneously using UV light to
form a continuous layer.'” The build platform moves in
a downward direction after hardening of the first layer. The
same curing and printing process are repeated multiple times
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until the completion of the desired object.'*®** Multiple mate-
rials can be printed individually and simultaneously by
choosing various photocurable resins and by spraying them and
cured, which is not possible in the case of BJP and IJpP.''*"*
Such types of printing can create a complex shaped multi-
material object with position specific properties. The multi-
material object drawing from this technique has been widely
used in medical applications to fabricate the anatomical
models, which can be used in pre-surgical planning.'***** The
resolution and dimensional stability of the fabricated objects
are higher when compared to that of binder jetting 3D printing
as mentioned in Table 2. The modular strength of the objects
varies due to the utilization of multi-photopolymer resins.**
The UV source is fixed just next to the print head or jetting
nozzle. This position helps in curing the resin instantaneously.
This additive manufacturing technique is relatively new as
compared to other techniques. Various types of photopolymer
resins such as ABS like, fullcure, verodent, and veroclear can be
used in polyjet printing.*'® The removal of the support structure
from the final object is difficult due to its waxy nature, which
limits the complexity and dimension of the printed object.*®
Finally, the key advantages of 3D plotting technique are mate-
rial flexibility and curing speed.™

3.7. Laminated object manufacturing (LOM)

First patented by Feygin and Pak'” in 1999, LOM technique is
one of the sheet lamination techniques that is completely
different than all other additive manufacturing techniques. In
this technique, some of the objects are fabricated by trimming
the thin sheets of metal, plastic, or paper followed by binding all
the sheets together using heat activated glue'® and forms layer by
layer assembly."**'** Further, a laser or knife is used to cut the
layers in a desired shape. This technique is easy to use, fast and
cost-effective.*” The technique is used in multicolor prototyping.
However, the resolution of the printed object from this technique
is lower as compared to other additive manufacturing techniques
such as FFF, SLS and SLA. During object preparation, the excess
material offers good support for thin-walled sections.

3D printing technology has various advantages such as on-
demand printing, customized complex shaped products, cost-
effectiveness, and rapid prototyping.””* The internal tensions in
LOM parts are very low as compared to other rapid prototyping
machines, which prevents the deformation and shrinkage of the
printed objects. The parts with extra large dimensions can be
manufactured by this technique as mentioned in Table 2, which
sustain high durability, toughness, and fragility. LOM technique
can be used for processing various structurally different organic
(paper and plastics) and inorganic materials (metals, calcium
carbonate and talc). It should be noted that non-toxic and non-
reactive materials that are used for LOM printing can be easily
handled and disposed of adequately."” The supporting structures
are not required in this case, which makes it simple and easy to
handle. There are negligible chances for deformation or phase
change in material during printing. However, the lack of diversity
in the available biomaterials limits this technique to be used in
medical applications.
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Table 2 Advantages and limitations of existing additive manufacturing techniques
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3D printing technique

Advantages

Limitations

Sources

FFF (resolution range: 50-200 pm)

SLS (resolution range: 80-250 pm)

IJP (resolution range: 5-200 pm)

SLA (resolution range: 10 pm)

3DP (resolution range: 80-250 pm)

LOM (resolution range: depends on
laminates thickness)

Simple, multi-material structures
capability, overall low cost (for
thermoplastic materials), high
speed, high tensile strength

Fine resolution, high quality, good
strength, easy removal of support
powder, no need for support
material

Low cost, quick printing, easy
removal of support powder, flexible
to many materials

Simple, high printing resolution,
biocompatible resins available

Versatile, high printing resolution,
soft material capability, compatible
with a wide range of materials
Versatile, low cost, broad range of
materials, reduced tooling and
manufacturing time, excellent for
larger structures manufacturing

Anisotropic nature, materials
clogging, uniform diameter, high
cost (for glass and metal), limited
materials (only thermoplastics),
layer-by-layer finish

Slow printing, powdery surface,
expensive, limited mechanical
properties

Maintaining workability, binder jet
clogging, coarse resolution, binder
contamination, layer-by-layer finish,
lack of adhesion between layers,
limited material ink compatibility
High cost, single material, very
limited materials, slow printing,
cytotoxicity, postprocessing to
remove support material

Slow, low mechanical strength,
requires post-processing, low
resolution, high porosity

Limited mechanical properties,
design limitations, dimensional
accuracy, inferior surface quality

14, 31, 123 and 124

14, 31, 123 and 124

14, 31, 123, 125 and 126

14, 31, 123, 124 and 127

14, 31, 123, 124 and 126

31 and 124

4. 3D printing in various engineering
applications

4.1. Automotive sector

The automotive sector is one of the many applications of AM to
fabricate complex shaped components by various types of 3D
printing such as FFF-based 3D printing, SLS-based 3D
printing.'*** Few of aerospace and automotive components
consist of complex geometries and are highly costly and time
consuming when prepared using conventional techniques such
as injection molding.**® Thus, 3D printing is an extremely
appropriate technique for the manufacturing of such compo-
nents. Components such as motor blades and engine exhaust
were mostly 3D printed using metals due to its higher strength
and flame retardancy properties as compared with polymer
materials."” However, the fuel consumption in automotive was
higher due to the higher weight of the printed metal compo-
nents as compared to that of polymer materials. Hence, several
researchers have explored different ways to include 3D printed
polymers and polymer composites in automotive and aerospace
applications due to their lightweight, chemical resistance, and
lower fuel consumption. In this direction, the components such
as propeller and airfoil were 3D printed using photopolymer/
glass fibers or carbon fibers composites by UV-assisted 3D
printing technique and demonstrated.**® Excellent repeatability
and reproducibility of 3D printed polymer composites were
observed and have shown potential to be used in automotive
and aerospace components. This was due to excellent interlayer
bonding between adjacent layers which provided the required

© 2021 The Author(s). Published by the Royal Society of Chemistry

mechanical properties and dimensional stability. The
researchers have developed 3D printed polymer composites
which showed a heat resistance of 250 °C with 50% lighter in
weight as compared with aluminum. Polyphenylene sulfide
(PPS) is one of the high-performance engineering thermoplastic
polymers, offers high thermal stability, high mechanical strength,
good chemical resistance, high fatigue resistance and good dimen-
sional stability due to its semicrystalline nature, molecular chains
arrangement, rigidity, embracing sulfur atoms and benzene ring in
an alternate position in chemical structure."**™** PPS can also be used
in 3D printing using FFF technique. The mechanical properties and
impact behavior of 3D printed PPS specimens were analyzed by
changing filament extrusion and alighment parameters.”® The
internal voids between PPS filaments can be removed and the
mechanical strength was improved by declining load direction and
filament alignment. Therefore, 3D printed polymer composites with
lightweight and higher mechanical strength properties have shown
potential to replace the traditional metal-based 3D printed compo-
nents used in automotive and aerospace applications.

4.2. Electronics sector

The complex designed electronic prototypes can be produced
with higher resolution and accuracy in reduced time by using
advanced 3D printing technology."*®* When a mixture of an
electrically conductive material and polymer matrix is used for
3D printing, the prepared polymer composite behaves like an
electronic device, which can then be utilized in many ways."*7*3*
Leigh et al.** developed various types of PCL/carbon black
composite-based electronic sensors which covered a wide range
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from piezoresistive to capacitive sensors with the help of FFF-
based 3D printing. Different types of sensors are used for
different purposes. Piezoresistive sensors are capable to
monitor mechanical flexing on the basis of change in electrical
resistance. However, capacitive sensors are used as a part in
custom interface devices or can be printed on a vessel to detect
the presence of liquid. Likewise, epoxy/carbon nanotubes (CNT)
nanocomposites were 3D printed by using ultraviolet-assisted
direct write technique to fabricate piezoresistive sensor with
electromechanical sensitivity.”*® Such developed sensors have
shown the potential of 3D printing technology in electronic
applications. Traditional electrical circuits were printed by
using 2D flat surface printing.*** The electrostatic printing was
used to print conductive circuits on flexible substrates with the
help of conductive toner made of silver composite particles,
which showed a conductivity of ~10~* Q cm.*? Though, more
authenticated prototype designs with embedded electrical
circuits may be needed in real-world applications.”*® Many
efforts have been made by researchers to develop customized
3D electrical structures. Recently, a connector has been printed
by a digital light processing printer with the help of cross-linked
photopolymer and silver particles.*** The dipping of oil-in-water
emulsion into the silver nanoparticles solution followed by
sintering was used to fabricate conductive percolation paths of
porous structures. The critical properties such as porosity, pore
dimension, surface area and conductivity can be adjusted by
controlling the processing conditions. 3D electronic structures
were also printed using PLA/CNT nanocomposites by depos-
iting CNT homogeneous dispersion in PLA followed by its
evaporating.®* This formulation was further used to develop an
electrical circuit and fabricated a prototype of commercial light
emitting diode (LED), which was an example of the applicability
of 3D printing in microelectronics. 3D electronic devices have
also been made by metal wire encapsulation into polymer
matrix during printing, which is very similar to 3D printing of
continuous fibers reinforced composites. Such two-phase
composites system was also used in the fabrication of pres-
sure sensitive membranes.'**

4.3. Biomedical sector

Since 1989, AM has developed exponentially in biomedical
engineering applications due to its individualized custom-
izability."** This powerful tool can be utilized at clinics to print
patient specific medical products, which can increase the
response to surgery and also increase the creativity of the
products required by the surgeons.’*™® The concept of 3D
printing at clinics has evolved due to the tremendous progress
of various types of 3D printing techniques and its freedom to
produce any shape and size of customized products.**” The four
levels of printing at clinics are conferred, which cover from
surgical implants to direct 3D printing during surgery. The
rapid implementation of 3D printing at clinics greatly depends
on the fabrication of customized prosthetics, implantable
scaffolds, and tissue repair. It is supposed that the 3D printing
of any product at clinic will be a cost-effective service in the
coming decades.
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4.3.1. 3D printed biomedicines. After the development of
a 3D printed bladder with the help of real cells by Professor John
Hunt in 1993, AM has achieved substantial progress in the
biomedical industry."” Another research area such as biomed-
icines has also been developed enormously due to the rapid
evolution of 3D printing. As for biology and medicine, the
development of 3D printing has been divided into four stages.'*®
In first stage, the development of 3D medical structures and
devices were incorporated for in vitro use without biocompati-
bility requirements.™*® The second stage consists of the devel-
opment of implants with good biocompatibility by using non-
biodegradable polymers for permanently use in vivo such as
the development of orthotics, arthroplasty, and auxiliary sup-
porting.*° The third stage consists of 3D printing of degradable
implants as replacement by using polymers or other materials
with good biocompatibility with the human body which can
encourage tissue regeneration, in vivo.'"”* The fourth stage
consists of printing customized implants, tissues, or organs
using extracellular matrix and cells as materials.**> 3D printing
has improved the surgical success rates due to the onsite
printing at clinics. Moreover, facilities related to cadavers and
surgical training are very expensive however 3D-printed pros-
thetics have provided a new economical approach to resolving
this issue.*® Therefore, it is noteworthy to mention that 3D
printing has been proved as a possible solution for the global
scarcity of donor organs.**’

4.3.2. 3D printed prosthesis. The multistep processes
involved in the fabrication of human organ models is expensive
and time-consuming.”® The successful utilization of 3D
printing technology has made it possible to fabricate organ
replicas in a cost-effective matter.™® In some cases, the doctors
can also make prosthetics for the patient instantly. Surgeries
always carry a risk factor for unforeseen complications, which is
why it is vita