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Preface

The objective of this book is to summarize many of the research and development
progresses of additivemanufacturing techniques from the unique angle of developing
high-performance composite structures and other complexmaterial parts. As the title
indicates, the proposed bookwill emphasize the immediate past, the ongoing present,
and the emerging trends of various additive manufacturing processes of developing
high-performance complex composite structural parts. It is very important tomention
that, till date, only one or twobooks have been publishedwhich dealswith the additive
manufacturing of composites. The current book will be an update of all the important
areas of the current state of technologies involved in design and fabrication of metal,
ceramic, and polymer-reinforced composites using additive manufacturing’s auto-
mated fiber placement methods and the material layup strategy in a comprehensive
manner. This book covers the void for the need of one-stop reference book for the
researchers. Leading researchers from industry, academy, government, and private
research institutions across the globe have contributed their research works for this
book.Academics, researchers, scientists, engineers, and undergraduate, postgraduate
students in the field of advanced manufacturing processes and advanced materials
technologies can benefit from this book which is highly application-oriented. This
book gives a correlation of various additive manufacturing processes of composite
structures and has become a point of great interest. Moreover, it will provide a
cutting-edge research from around the globe on this field. Current status, trends,
future directions, opportunities, etc., are discussed in detail, making it friendly for
the beginners and young researchers.
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Introduction to Additive Manufacturing
for Composites: State of the Art
and Recent Trends

Geetha Palani and Karthik Kannan

Abstract Additive manufacturing (AM) technology, which is generally known
as 3D printing has reshaped construction and manufacturing industries, i.e., from
aerospace to medical uses, Earth construction to other planets construction. By
another term, eras of rejuvenation have begun by the additive manufacturing tech-
nology rebirth. From the beginning phase, additive manufacturing technology builds
underlying ideas like costs, production time, and workforce to a high level. Manufac-
turing emerging trend is focussing definitely around the productivity increase. The
arising methodology of AM is utilized for the growing demand needs. This section
portrays the manufacturing and engineering cycle with the most recent technolo-
gies and 3D model management of AM evolution. In addition, chosen to emanate
trends in AM will be introduced, examined, which includes composites fabrication,
multi-material techniques, AM manufacturing different kinds, and related promises
as for the integration of sensors, material properties neighbourhood fitting, or AM
parts electronic systems. At long last, AM utilization brought new patterns that are
uncovered beneath some new economic activities depiction.

Keywords Materials and techniques · Additive manufacturing ·Metal oxide based
materials ·Manufacturing technologies · AM Types of composites
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CBDM Cloud-based supporting concepts Design and Manufacturing
PBP Powder binder Printers
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EBM Electron Beam Melting
SLA Stereolithography
DMLS Direct Metal Laser Sinthering
IJP Ink Jet Printing
DDM Direct Digital Manufacturing
RP Rapid Prototyping
SFF Solid Freeform Fabrication
RM Rapid Manufacturing
LENS Laser Engineered Net Shaping

1 Introduction

New pattern in the manufacturing techniques improvements has to expand colos-
sally with automation processes increase. Because of the process complexity, still
processes manufacturing were made manually. The time and materials source is
fundamental requirements in the market which selects the process of production.
Additive manufacturing methods may vary the industries manufacturing essence.
Kind of this technology innovation is passed with the software’s and computer
programming. Data manipulation and ease of computing are the positivity significant
forAM improvement. AM researches increase ismade because of proto-typing needs
in the phase development of the product. In the process of prototyping reduction,
AM directly involves the materials wastage and time of the processor utilization.
As of late, prototyping technologies have been created by AM into an established
group processes manufacturing. As the essential reference regard with Wohler’s, a
total AM industry size reports, in 2015 US-$ of 5.182 billion by turnover, (compar-
ative with the present year +25.9%) through in 2016 US-$ 6.063 billion to in 2017
US-$ 7.336 billion [1]. Industrial interest, which reflects addictive manufacturing
metal, has a normal offer in this growth. The sub-market dynamics is shown by AM
systems metal quantity sold in 2017 and 2016, e.g., 1768, 983 individually, in a
single year an ascent 80% almost. Additive manufacturing for the most part domi-
nates because of its characteristics such as short lead times, no necessity of tools,
limitless geometric flexibility in this way capable, as brought up, in discovering its
specialty in practically any market portion characterized by one or the other produc-
tion volume, complexity, and customization of low or high levels, with old style large
scale manufacturing the lone exemption [2]. Moreover, dependent again on the “art-
to-part” and adaptability approach, addictivemanufacturing connects effectivelywith
manufacturing paradigm “Industry 4.0”, Cloud-based supporting concepts Design
and Manufacturing (CBDM) [3–5]. New, for AM quick advancement industries,
have an extensive degree in transport sector been fuelled and lightweight design of
particular interest [4, 6]. In addition, benefits significantly in medical technology
by AM for positioning devices, implants, prostheses, and orthoses, patient-specific
tools tweaked [7–9].
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In general, 3D printing shows an efficient and innovative method to manufac-
ture different complex structures in the most accurate way. This technique enfold
a vast technology range and provides its uses over the already available manufac-
turing systems, especially for complex geometric parts, precision resources, short
manufacturing lead time and customized products [10]. From the manufacturing
industries major players nearly spent around three billion dollars in additive manu-
facturing components during the year 2014. It includes aerospace industry 12.3%,
dental/medical sector 13.7%, consumer products 18.0%, industrial machines 18.5%,
automotive industry 17.3%, and others 19.1% (Research institutions) [11], the mili-
tary sector, architecture, etc. The ISO standard (ISO 52900) defines [12–14]: “Man-
ufacturing processes which employ an additive technique whereby successive layers
or units are built up to form a model.” The terms habitually used in conjunction
with additive manufacturing have been evolving at the same pace as the techno-
logical developments, and it is convenient to establish a reference framework which
enables an analysis to bemade for the developments and for the future standardization
requirements.

This chapter deals with the comprehensive review which is connected with AM.
Significance builds time estimation, cost computation, and part orientation has in
detail reviewed. The additive manufacturing method develops rapid new solutions
and inmarkets which require demonstration to their reliability. The community needs
to survey some evolutions such as the faster 3D printing systems, advanced numerical
simulation, new exchange format, or the existence of new use. The main component
of the chapter is the identification of the problem related to various additive manufac-
turing processes. This chapter also talks about engineering cycle with the 3D model
management, manufacturing and the evolution of AM recent methods. Merits and
demerits of AM new trends has also discussed in brief.

2 Additive Manufacturing

Additive Manufacturing is used to portray materials technique by one or the other
binding, solidifying materials or fusion, for example powders and liquid resin. It
assembles parts using 3D CAD modeling in a layer-by-layer fashion.

Phrasings such as rapid prototyping (RP), 3D printing (3DP), direct digital manu-
facturing (DDM), rapid manufacturing (RM), solid freeform fabrication (SFF),
utilized in AM processes depict [16]. Figure 1 shows the classification of additive
manufacturing. AMmeasures manufacture segments utilizing Standard Tessellation
Language files or 3D computer data; contain data with respect to the object geometry.
Additive manufacturing is exceptionally helpful when frequent design changes, high
design complexity, and low production volume is needed. It also provides the like-
lihood to create complex parts by defeating the traditional manufacturing methods
by design constraints. In spite of the fact that additive manufacturing has numerous
advantages, yet its application is restricted due to its long build times and low accu-
racy contrasted with CNC machines [17]. CNC machining does not have the same
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Fig. 1 Additive manufacturing classification (Reprinted with permission from [15])

constraints due to fact that it isolates the part in cross areas with a process of equal
resolution. In any case, build time and the accuracy is improved by utilizing the appro-
priate orientation part. Diminish the building time, support volume, and accuracy, can
be optimized by optimized part orientation, which limits production cost part. Also,
additive manufacturing as opposed to regular creation measures comprises of higher
active interaction and extra process of controllable parameters between the mate-
rial properties and process parameters [18]. Various types of AM measures relying
upon the material type, phase change phenomenon, material preparation, application
requirements, and layer generation technique. The additive manufacturing process
includes three phases predominantly, to be specific Fig. 2 shows the testing phase,
the design phase, and the processing phase.

Kodama in the 1980s was first demonstrated AM, “3DData Display byAutomatic
Preparation of a 3D Model” titled article was published by him [20]. In 1987 AM
emergence was found by Chuck Hull with STL, the method which solidifies UV
thin layers utilizing a laser. It can be effectively customized products and manufac-
ture complex with shorter product life cycles, less short delivery times, and skilled
workers. SLS technology was first patented by Carl Deckard in 1988 at University of
Texas, followed by the co-founder of Strasays Inc, Scott Crump in 1989, and fused
deposition modeling [21]. At the University of Bath in 2005, Dr. Adrian Bowyler,
England stated that the academic projects in the 3DP area are the major break-
throughs. A self-replicating fabricating system was developed which is named Rep
Rap, manufacturing its own parts. From that point onward, various endeavors have
come up such as HP Fusion Jet 3D printer (2016), Form Labs (2011), and Makerbot
(2009) [22].
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Fig. 2 Three phases of additive manufacturing process (Reprinted with permission from [19])

Digital approach to manufacturing, cost-efficient and tool-free, metals of AM
provides different benefits that may vary worldwide industrially in different areas
like automotive, energy, tooling, and consumer goods and medical:

• Qualities better than that of approaches and cast parts those of manufactured
components

• It also provides 3D geometries complex creation, for example: recesses for
configurationally cooling channels, topologically optimized structures, architec-
ture lattice structures, and so on, which is unrealistic to accomplish with some
conventional processes

• It also gives mass personalization and low-volume production
• It permits surface engineering and 3D functionalization.

AM Metals which is handled should undergo 2 fundamental rules: raw mate-
rials available as spherical powders and good weld ability to avoid cracks during
solidification, with a few microns to accomplish great pressing homogeneity and
packing density of deposition of powder [23]. Less than fifty distinctive compounds
of alloys are presently accessible as atomized powders from around fifteen providers,
different technology readiness levels (TRL) is utilized in additive manufacturing. As
the level of adoption and volume production terms, AM is mature metallic alloys and
most common processed, in the order of decreasing, from materials being utilized to
components fabrication utilization to amalgams which is subjected to investigation
[24].
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2.1 Materials and Processes of Additive Manufacturing

2.1.1 Method Processing

Additive manufacturing is a set of processes not a single process that might vary with
fundamental approach regarding the following methodology. All things considered,
where adding material is required it depends on a planned result advanced model. In
this, most follow the approach of the layer-wise method. The original digital model
should be cut to separate the pattern in each layer manufactured. Taking everything
into account current systems and commercial processes advancements are focussed
lots for targeting, large-scale commercialization example build rates increase. Subse-
quent larger defect internal density is made up of hot isostatic pressing (HIP) safety–
critical parts. A similar point persuades throughput high solutions such as Arc Addi-
tive Manufacturing + Wire [2]. It varies from conventional semi-completed AM
machined product thereafter to conclusive shape: a buy-to-fly high proportion in the
aerospace industry is frequently found, legitimize to thismethodology by considering
the resource efficiency and cost. It can be accomplished the geometrical flexibility
cost part: Past quality, reproducibility, and productivity in research and development
or significant fields. In this manner, a transformative pattern in additive manufac-
turing is approaches introduction for control and process monitoring. This setting-up
difficulty of such systems is measuring troubles includes microstructure-controlling
process, as the major past characteristic beginning composition of the melt pool
temperature. Regardless of whether it very well may be estimated, the connection
between resulting quality and measured values of constructed part is not clear. The
outcome of this leads to few distinct procedures for control and process monitoring
are sought after, which includes model-free approaches as well as model-based [25].
For powder based processes, powder characterization incorporation: Experience has
demonstrated traditional test methods may neglect to catch significant attributes that
impact cycle capacity. These variations of this starting with one material cluster
then onto the next may hence go unnoticed except if assessment methodology and
norms are adjusted. Different perspectives examined are for example the intensity
distribution and the influence of the process atmosphere of the laser beam.

3 Metal Based Materials and Their Characteristics

A Great deal of exertion has centered around metallic objects of AM dependent
on practical order. Figure 3, sums up a portion of the metallic components, current
methods for AM dependent on usefulness. Attributable to its various advantages,
metal AM components have an extraordinary interest. AM processes with the metal,
manufacturing sector and the industry has revolutionized totally. Designs and the
shapes that were prior conceivable are currently doable with AM emergence. The
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Fig. 3 Metallic products prevailing techniques for AM, (reprinted with permission from [28])

designs are more grounded because of the welded minimization parts [26]. Nonethe-
less, the technology of AM needs better frequent enhancement, arrangement, just
as up gradation in order to meet competitive market and demanding customers.
Undoubtedly, the analysts have investigating metals in different parts. AM metallic
components an integrated computational system for simulation, material models and
the including process was presented by AM. R. Martukanitz et al. coordinated at
powder bed fusion and energy deposition [27]. He found that the unpredictability of
the build path and part geometry was the fundamental difficulty in preserving and
establishing a computational mesh efficient, simulation of large structures and it was
exasperated.

Thompson et al. indicated that the variety produces in thermal energy changes the
anisotropic part, where mechanical properties got an impact, fatigue behavior, and
particularly tensile [29]. The application of AM was studied by Shamsaei et al. in
nickel-titaniumalloyparts for clinical applications tending to the difficulties related to
prediction and fatigue life modelling. Chiefly these complexities are caused because
of the presence of few-cycle boundaries, which includes powder feed rate, layer
thickness, transverse speed, laser power, build orientation, and scanning strategy.
Ti-6Al-4V preheating was studied by Heet al. in full structure inferred which is
totally or incompletely dissolved small particles plays as significant as the most of
enormous particles together that binders to bond. The particles together held by the
bondwithstand impact from electrons and forestalled the effect of spheroidization on
the surface part. Significant zone inmetal AM for future developments are production
costs reduction and surface roughness [30].
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4 Additive Manufacturing of Different Types
of Components

4.1 SLS

SLS technique or Powder bed fusion manufacturers of 3D objects layered by using
laser beam. This includes melting and fusing powders which results in the layered
structure formation. Selective laser sintering, powder combination is accomplished
bymeans of different bindingmechanisms, particles, specifically, restricting actuated
by either partial or full melting, by solid-state sintering, chemical reactions [31].
Figure 4 schematically shows this technique utilizes a controlled laser beam scanning
to sinter the powder by heating. The printing arrangement comprises of powder
supply platform, a powder bed, roller, a laser source, fabrication platforms, and a
scanning system. The resolution parameter, the process of selective laser sintering,
depends on particle size of the powder, the spacing, nature of powder, scan speed,
and laser power.

Process of SLS was started distributed equally polymeric, metallic, ceramic
powder, or composite materials based with respect to the stag highest point methods
for scrapping or rolling. The powder rolled at that point by a laser beam goes through
selective scanning to help the powder particulates thermal fusion [33]. When the
layer is solidified and fused, over the beginning of the starting layer powder of the
next layer is sprayed. This cycle is continued for some hours to fabricate the output
product (final). To hold the powder granulates in some cases SLS process utilizes

Fig. 4 Selective laser sintering schematic diagram (3D printing process) (Reprinted with permis-
sion from [32])
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Fig. 5 Color binder’s human portrait in 3D and PBPmachine on the left, (reprintedwith permission
from [15])

a liquid binder. SLS printing advantages are a wide range of 20–150 μm printing
resolution, material compatibility, and unused powder recyclability. Polymers like
polycaprolactone (PCL) and polyamide are mostly used in the SLS process as laser
sintering materials. This method’s significant disadvantage is that, fast cooling after
confined heating which results in the shrinkage of deformation and 3D printed object
[34]. For the genuine tie prototypes study, it can be formed by color textures. Human
head Scanning may be possible with printed and color textures by utilizing Powder
Binder Printers (PBP) method which is shown in Fig. 5.

4.2 Stereolithography (SLA)

Stereolithography is a method of polymerization; where liquid precursor layers in a
vat are consecutively passing to ultraviolet light and in this way, it solidified selec-
tively [35]. The resin of PI molecule reacts with the light (incoming) and upon illu-
mination, the chemical polymerization reaction gets locally actuates, in uncovered
regions, it prompts relieving. The first layer development thusly, fresh, irradiated,
cured and resin film is applied. Consequently, layer-after-layer grows incrementally.
SLA processes span all this principle; Fig. 6 shows the irradiation method or incident
light direction [36].

Light required for the resin solidification may apply in 2 unmistakable manners,
frombelow through a transparent vat in the constrained surfacemethod or from above
in the free surfacemethod [38]. Irradiation can either by projecting the entire pixilated
image onto the layer in DLP stereolithography or implemented by scanning every
point of cross-section with a laser in laser stereolithography. The most surprising
technique is the LCD illumination photomask.

In the field of microfluidics, recently Stereolithography has been investigated
widely, where tiny volumes of liquids should bemanipulated precisely with channels
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Fig. 6 Classification of SLA by incident light direction and irradiation method (Reprinted with
permission from [37])

micro-sized for usage like lab-on-a-chip technologies or inkjet print heads [39].While
comparing it with jetting andmaterial extrusion, digital light processing stereolithog-
raphy shows faster production times, reduced surface roughness, smaller possible
feature sizes, and superior resolution by this method. Below 100μmmultiplexers for
mixing, channels dimensions pumps, valves may be manufactured easily and fastly.
In the medicine field to understand the specific designs the patient to accommodate
frequently for particular anatomies, which are extraordinarily additivemanufacturing
benefits. Figure 7 portrays few pictures, to find the geometrical specifications ofMRI
or CT scans, which are then, can be utilized for devices manufacturing [40].

Availability of SLA systems commercially

Stereolithography printers are at presently available plenty on the market, quality
and range in price to professional high-precision machines from amateur desktop
applications. Table 1 shows the short outline of their particulars.

Fig. 7 a Skull defect using CADmodel, c cranial implant SLA fabrication and d an implant placed
into skull model, (reprinted with permission from [37])
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Table 1 Stereolithography systems available commercially—comparison (Reprinted with permis-
sion from [41])

Stereolithography
types

Lateral resolution
(μm)

Printing speed
(mm/h)

Max print size
(mm)

Vendors

Laser 140–60 14 27–750 3D systems, XYZ
printing, Form-labs

TPP 0.400 – 100 × 100 × 3 Nanoscribe

Digital Light
Process

33–120 25–150 45–230 Envision TEC,
Kudo3D

Continuous Liquid
Interface
Production

50–100 500 80–320 Carbon

Liquid Crystal
Display

50–100 20–60 55–160 Photo centric, Spark
maker

4.3 LENS

This technique was developed on 1997 in Sandia National Laboratories and it was
commercialized by Optomec Inc. LENS very well may be distinguished as the laser
cladding method [42], where a laser is utilized as a heat source for powder parti-
cles melting onto a substrate to be cladded. LENS materials that can be prepared
include metal matrix composites, nickel-based alloys, aluminum, titanium alloys
and steel. Incredibly fast cooling by this method creates and producing high tensile
strength, high ductility, and fine-grainedmicrostructure. The LENS principal process
scheme is shown in the Fig. 8.

5 Additive Manufacturing in Sensor and Electronics
Integration

Multi-material parts of every other sort are which that presents practical abilities by
their build-up hybrid. Smaller unpredictable models incorporate such as electrical

Fig. 8 Principal process
scheme of LENS, (reprinted
with permission from [43])
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conductors or the geometrical integrationwhich define the paths of heat conduction in
polymers.During the large spectrumunpredictability end, latter kind approachesmay
additionally be evolved towards even direct build-up or integration of systems and
electronic components. The procedures embraced in electronic systems and sensor
integration varies broadly. Surface incorporation is the largely available method in
this regard and it is incidentally finished for functionalization by utilizing a secondary
direct write (DW) process [44]. Among them, shops additionally provides an addi-
tive manufacturing integrated system that mixes the build-up process volume, for
example, inkjet printing, material jetting, direct write process like dispensing in a
similar device. It permits functional elements addition and first process interruption
by means of the 2nd prior to the 1st is continued, covering interconnects, additional
sensors, and so on, inside the part. This implies, where it becomes volume integra-
tion from surface integration. Studies on polymeric materials thusly are ordinarily
founded, mainly of 2 reasons [45]: On the one hand, DW technologies the emergence
for sensors printing has already provided a considerable materials number—on the
other hand, a metallic base material needs an additional solution for electric insula-
tion, typically affording more advanced processing one that satisfy various prereq-
uisites either solution integrating AM with DW approaches or AM systems pure
polymer [46]. As an outcome, coordination of electronic systems and sensors in AM
metals normally depends on built independently, which are integrated encapsulated
systems into a segment by putting in the cavity inside part volume during a build
process interruption, at that point proceeding with that cycle to completed encase
the electronic system. Non DM/AW processes normally provide better electronic
systems and sensors, this technique likewise for polymeric components reasonable
choice [47]. Themajor drawbacks of this are, be that as itmay, particularly on account
of actuation and sensing as integrated system assignments, where the trouble of
creating defined and a strong association between actuator/sensor component and
system. Polymeric screw produced via DLP is shown in Fig. 9 which provides
an example, for torque monitoring incorporating piezoresistive strain sensors. By
utilizing functional printing methods last has delivered in a different arrangement.

6 Additive Manufacturing Applications

6.1 Environment Impact

AM in different several ways can affect the environment, however a number of
scientists has primarily focused on environmental hazards and consumption of
energy.
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Fig. 9 Additive manufacturing Electronics and Sensor integration: Screw with integrated sensor
(Reprinted with permission from [48])

6.2 Consumption of Energy

From the studies the various manufacturing parameters comparison for the three
systems: Thermojet (3DS), EOSINT M250 Xtended (EOS), and FDM 3000
(Stratasys). Electrical energy consumption was identified by using parameters set
for lessening. From another study on stereolithography which refers to the troubles
in specific energy consumption constant determining due to the variety in the part
material density and height. A study was discussed and as a conclusion, 52.2 MJ/kg
of energy consumption the accepted value has proposed [49].

6.3 Environmental Hazards

Additive manufacturing industry environmental hazard is majorly identified for
support removal with the utilization of solvents or chemicals. This kind of chemicals
can create allergies, eye irritation, and skin reactions [50]. So, the materials standard
requirement in the additive manufacturing industry actually extensive research stays
as a topic.

6.4 AM in Jewelry and Architectural Industry

Jewelry models and the architectural field need time and manual effort with a high
degree due to the required complex shapes to execute in physical form artistic ideas.
Better goal resolution is conceivable with additive manufacturing accessible from
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Fig. 10 Fabricated additive manufacturing technology Artistic models (Reprinted with permission
from [51])

other processes for addressing these intricate models. Figure 10 shows the Models
examples which may only be manufactured by additive manufacturing processes.

6.5 AM in Biomedical Field

In the field of medicine, while applying 3D printings have shown up various appli-
cations for certain years. The 3d tissue organ printing provides organ transplanta-
tion solution possible for sector difficulties. Most of the research work shows that
there is rapid prototyping for organ printing by using cell and/or cell layer by-layer
deposition which aggregates, computer-aided 3D printing technology dependent on
utilizing it as a 3D gel with a printed construct of sequential maturation into a vascu-
larised and perfused organ or living tissue [52]. An attractive method to form organs
and tissues at clinics is the bioprinting method. Implantation achievement relies on
materials compatibility. We may discover biomaterials variety like naturally derived
hydrogels, synthetic gels, and curable synthetic polymers. In the field of biomedical
area Prosthetics is the first which utilized the presents 3D printing many victories.
Here its cite a 3D printing for pre-surgical by patient’s skull anatomy reproduced
utilized in production and manual implant design and fixation and the upgrade of
the obsession dependability of the specially designed complete restore and hip pros-
theses the first joint biomechanical characteristics [53]. Many applications join few
allogeneic or degradable platforms to create customized biologic prosthetics with
cellular bioprinting which has extraordinary potential to fill in as replacement tissue
transplantable. Recent research indicates the 3D Printing market in medical by the
year 2020 may arrive 983.2 million $ [54].
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6.6 AM in Building Construction Field

The Shanghai WinSun Decoration Engineering Company Projects are emerging
through 3D printing in home construction. WinSun N.d Company used to print
the essential components independently prior to location before assembling. By 3D
printing, this type of concrete house can implicit in one day and costs about 3800$
for their construction [55]. By the Chinese group developed 3D printer is a lot bigger
than an ordinary process and similarDDM technology is utilizing. In less than 24 h by
rapidly constructing 10 houses shows the capabilities of 3D printers and it has been
demonstrated. The photos are not sill available; however, the industrialist discusses
a printer estimating 32 m (105 ft) long, 6.6 m (22 ft) tall and 10 m (33 ft) wide [56].
A vocabulary is introduced by the building industry for example rapid building or
rapid construction.

6.7 AM in the Medical Industry

Additive manufacturing, where anatomical parts which are complex also be manu-
factured straightly from data scanned (CT pictures) it gives particular anatomies
clear representation [57]. Likewise, exact aids surgeons, medical students, and pre-
surgical planning to basically acts as a specialized instrument tool between patients
and surgeons and re-establishes different surgeries. Figure 11a shows the fabricated
designs of Additive manufacturing and Fig. 11b shows the separately customized
mass-produced hearing aid shells.

7 Future Prospects and Summary

7.1 Additive Manufacturing Challenges

There are various advantages certainly, likeability to print complex structures, design
flexibility, product customization and ease of use all are related to additive manu-
facturing. In any case, technology innovation of AM is yet not developed enough
in real world applications so it tends to be utilized. Disadvantages and difficulties
need to be investigated so it tends to be developed in advanced technology [60].
Anisotropic mechanical properties, layer misalignment, elephant foot, the part size,
high costs, stringing, pillowing, lowmanufacturing efficiency, over-extrusion, under-
extrusion, gaps in the top layers, the building of overhang surfaces, warping, poor
accuracy, limitation, and mass production of the materials utilization are difficulties
which require more exploration and analysis. A portion related to AM challenges
and limitations is portrayed below.
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Fig. 11 a Medical applications—AM (Reprinted with permission from [58]), b individually
customized mass-produced hearing aid shells (Reprinted with permission [59])

The major growing 3D printed application is flexible parts in the health care. In
Fig. 12 the obtained meshes can effortlessly interact with the body, and it improves
infinite patient’s lives suffering from conditions starting from tremors and ankle or
other joint sprain to herni.

Fig. 12 Joint recovery supports/covers and the drape dress (Reprinted with permission from [61])
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7.2 Void (Cavity) Formation

The formation of voids in the middle of the AM subsequent layers is the first and
foremost significant disadvantage. These sorts of issues happen because of bonding
between layers reduction, which forming mechanical performance inferior. Such an
instance isAMextrusion-based technologies for example void formation between the
layers fabricatedbyFDMresults, consequently initiatingdelimitation and anisotropic
mechanical properties. In fact, porosity the amount actuated by the formation of voids
normally relies upon the material and AM process utilized. Paul et al. evaluated the
nozzle geometry effect on the cavity formation between subsequent layers in order
to limit the formation of void effect between subsequent layers. Their study shows
that the rectangular nozzles performance was superior to the cylinder nozzles.

7.3 AM Standards

AM standards technology is expected to embrace the industry knowledge, it also
helps to invigorate encourage and research the technology implementation. Norm’s
terms as ensuring the quality of the end products, measure the different production
processes performance and specify procedures for the calibration, terminology of
AM (ASTM) machines. Since 2015 it is being created and brings good practices
together for getting design product reliable [62]. Likewise one can see different
guidelines determining the requirements for purchased AM part or AM terminology.

7.4 4D Printing Technology

Some of the researchers are exploiting 3D printable materials, even though many
unprecedented advantages has represented by 3Dprinting technology, itmay changes
over the long haul by representing a stimulus external, termed as “smart materials”,
and suchmaterials 3Dprinting process have said to be 4Dprinting. Indeed, 3Dprinted
structure’s advanced method is 4D printing, in terms of functionality, property, and
shape. It also shows self-repair behaviour, multi-functionality, and self-assembly
property [63]. The concept of simple schematic smart materials self-assembly is
shown in figure [19]. Accentuation on themanufacturing technology smarter it is able
to determine current issues like time of production, money, andmaterials andwasting
large amounts of energy it put emphasis by tibbits. First and foremost, the proposed
self-assembly concept by Tibbits is when exposing to external energy smaller units
manufacture bigger structures, for example, 1D strand can frame coordinated shapes
of 3D and 2D.Be that as itmay, itmay not be proficient for any reasons self-assembly;
applications and different sectors should investigate the methodologies that can be
useful to have profited from self-assembly [64] (Fig. 13).



18 G. Palani and K. Kannan

Fig. 13 Self-assembly simple illustrations in smart materials property, (reprinted with permission
from [65])

Fig. 14 3D and 4D printing differences, (reprinted with permission from [66]

Large number of techniques and new design applications would render by 4D
printing that was not reachable by 3D method. The vital contrast among the material
4D and 3D printing can be seen in Fig. 14.

8 Economy and Users

Wohler’s Report in 2014, 3D printers consumer is delegated those that of price $5000
lesser. The first open-source 3D printers have designed by the Cornell University
and University of Bath which is planned as the principal open-source: Fab@home
and RepRap. Based on Fused Deposition Modelling (FDM) technology 3D printers
entered range is dominating, yet more as of late derived have entered the market
from stereolithography because of expiring patents to demonstrate to show less
performance than eases machines. FDM consumer technology, for example, experi-
ences mechanical properties of anisotropic just as thermoplastic materials restricted
determination. Professional fused deposition modelling printer costs ranges from
$300,000 and $10,000 [67]. Common electron and laser beam-based systems price
varies from $1 M to $500,000. Typically these machines have performance high;
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Fig. 15 Industries using
additive manufacturing
(Reprinted with permission
from [69])

usually, they come at cost significant. 3D printers for commercial utilizing techniques
which are developed advanced to objects print are normally outfitted with software
exclusive what command the machine and slices the 3D model. Organizations that
sell 3D printers professional which include Solido Stratasys, Voxeljet and ExOne,
and 3D Systems, LTD [68], 3D printing research and technology development are
investing by Xerox and Hewlett Packard. By printing technology AM innovations
fabricating imperatives connected, utilizing expected functions and material. 3D
printing which has used in the areas to form objects which include pharmaceuticals,
medicine, jewellery, architecture, dentistry, automotive industries, food, fashion, art,
robotics and toys, and aeronautics. The technology was exploited by automakers on
account of capacity to assist the new products getting in a predictable manner and to
the market fastly (Fig. 15).

Due to the capability to realize high-performance and highly complex products
Integrating Aerospace companies is showing great interest in these technologies
making it possible to create internal functionality, eliminating assembly features
and mechanical functionality, (like new topological optimization structure, internal
honeycomb style structures, and cooling channels and so on) create structures of
lightweight machines [70]. Particularly, AM technology interested inMedical indus-
tries due to the conversion of solid objects by 3D medical imaging data. In this
method, devices can be personalized to fulfil the necessity of each patient. Hence,
AM technology has some disadvantages and advantages depending on its usages.

9 Merits and Demerits of AM

3-D printing is dominating almost in all the market because of its vast advantage,
which includes medical/dental, aerospace, robotics, automotive, action figures and
even toys. 3-D printing follows the AM umbrella, for all technology applications
which combines materials together to form the objects from data layer by layer 3-D
model.
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• Fast Design and Production: 3D printing can print objects in an hour, based on
its complexity and part’s design, i.e., very faster than machined parts or molded.
3D printing also designs the process very quickly by creating CAD or STL files.

• Variety free: suppose the part needs to be change, it can be made on the real CAD
file, and the new product can be printed at the same time.

• Less waste: Only the material which is needed is utilized, there will be small
amount of material loss.

• Noassembly required:Moving parts like bicycle chains and hinges can be printed
in metal into the product directly, which may reduce the part numbers.

• Few constraints: By using CAD software anything can design and dream up, it
can be done with AM.

• Materials infinite shades: Engineers can program parts to have specific colors
in their CAD files also to print them printers can use any color materials.

• Little-skill manufacturing: While complicated parts with high-tech applications
and specific parameters are left to the professionals, even elementary school
children can create their own figures by 3-D printing methods.

• Complexity: It is cost effective to print a difficult part instead of a same size
simple cube. The cheaper, faster and more complex can be made by AM.

Demerits of AM:

• Slow build rates—The other manufacturing processes may be higher which
depends on the needed parts.

• Poormechanical properties—Layering andmultiple interfaces can cause defects
in the product.

• Limited Materials
• Requires post-processing—Surface finish and dimensional accuracy are of low

quality when compare with other manufacturing techniques.

AM Applications:

Figure 16, shows the different types of examples of how these techniques are involved
and they also portrays the great potential of AM.

10 Conclusion

Manufacturing industry advancements rely upon the research leads assembling
with product design, materials, and manufacturing processes. The complexity of
the product increases when the requirement for innovative and new processes of
manufacturing. A new trend in production processes is additive manufacturing due
to the various advantages it gives just as the overcome difficulties which need to
be. This chapter deals with the comprehensive review which is connected with
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Fig. 16 AM applications (Reprinted with permission from [71])

AM [72]. Significance builds time estimation, cost computation, and part orien-
tation has in detail reviewed. The main component of the chapter is the identifica-
tion of the problem related to various additive manufacturing processes. AM chal-
lenges primarily includes poor accuracy, warping, high costs, layer misalignment,
building of overhang surfaces, part size limitation, anisotropic mechanical proper-
ties, limitation, and mass production materials utilization further need investigation
and research.

In view of this part, AM technology various aspects summed up here.

• Very well may be stated that suitable part selection is difficult in AM.
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• AM assists with improving dimensional error, geometrical, minimize support,
and reduce build time, part production costs, and volume.

• There is a requirement for the omnipresent cost and effective development model
for additive manufacturing has been seen [73].

• AM an expense is classified based on the machine, manufacturing, labor costs,
and material. Necessary to consolidate the accompanying prerequisites in new
price processes.

• level of complexity, maximum possible number of parts that can be produced
simultaneously, arrangement, build time, support design and reused or wasted
material, quality management, and post-processing time.
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Additive Manufacturing Technologies
for Biomedical Implants Using
Functional Biocomposites

Ruban Whenish , Rajkumar Velu , S. Anand Kumar ,
and L. S. Ramprasath

Abstract The tremendous development of Additive Manufacturing (AM) made
significant progress in biomedical and tissue engineering applications. AM has
a smart manufacturing capability for building three dimensional (3D) complex
geometries of biomedical implants with controlled process parameters and
by utilizing innovative materials especially, functional biocomposites. The patient
specific and customized implant fabrication could be achieved with high success
rate by using AM technology with tailorable porosity. After World War II, biomate-
rials gained noteworthy attention due to desirable characteristics which can replace
dysfunctioning human organs. Emergence of AM technologies and its collaboration
with biomaterials made has a significant breakthrough in healthcare industry. Typical
AM technologies mandated for developing biomedical implants are considered as
an effective approach due to its versatility. This chapter aims to comprehensively
discuss about the construction of functional biocomposites using AM technologies
for potential biomedical implants. There has been many investigations made on
various functional composites based on polymers, ceramics, metals and functionally
graded materials (FGMs) for different biomedical implants such as hard and soft
tissues, orthopedic and dental applications. Themechanical and biological behaviour
of AMprocessed implants whichmakes them suitable for AM technology are further
discussed with salient applications.
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1 Introduction

A lesion or fracture on the human body is considered as a clinical emergency which
should be treated instantly. The defects can be treated by autologous grafts, trans-
plantation of living tissues, and organ implantation. Although autologous grafts yield
a positive outcome, the cost and complications may lead to potential risks such as
viral transmission. Artificial organs through implantation produces more successful
results with quality outcomes [1]. Biomedical implants are artificial devices that are
designed and manufactured to reinstate, support or augment with impaired body
parts contrary to a medical transplant which in the case is a transplanted biomedical
tissue. A few decades back, the first successful implantable device was developed
in 1958 which was a heart pacemaker and placed in an experimental animal and
the successful first human implant happened in the year 1960. Later on, there was
tremendous surge in research and development in various implantable devices. The
1970s saw the development of an implantable drug delivery system and 1980s saw a
momentous advancement in pacemaker technology. The implantable drug delivery
system is the first device of its kind that saw its clinical use broadly in the 970s
[2]. Following these discoveries, the advancements in medical device implants have
progressed through tremendous growth in the field of science, engineering and tech-
nology notably in material science, biotechnology and microelectronics in the past
six decades. Multidisciplinary research is progressing faster to solve complex prob-
lems in more smarter and faster way by accurately combining biomedical science,
material science and smart manufacturing fields.

Additive manufacturing (AM) is revolutionizing and replacing the conventional
methods of manufacturing in various fields. Developed in the 1980s, AM uses a
computer-aided design (CAD) data file to produce components using layer-by-layer
method to develop a three-dimensional part by consuming less amount of time
and with less production cost than traditional manufacturing [3]. The subtractive
or formative approach is the most common principle behind the conventional manu-
facturing process that requires costly infrastructure with numerous steps, that can
limit the ability for opportune execution of changes to the eventual outcome [4].
Moreover, these ordinary methods in manufacturing don’t consider many-sided and
complex calculations that are regularly needed in biomedical designing applications
[5].Due to the capacity of complex constructions, fabricationwith their unpredictable
subtleties, AM methods are extensively suited for healthcare applications especially
in construction of implants [6]. However, a one-of-a-kind, quickly developing use
is bioprinting in AM that considers the cultivation of cells in a spatially character-
ized way in a three-dimensional space. Through its use in remedial delivery, surgical
planning [7], tissue engineering and implant design, its importance in the field of
healthcare is growing rapidly. In addition to this, AM can construct customized
implants using external morphologies acquired from the patient’s CT or MRI data
[8]. An implant that is specific to the patient can reduce the operative time of surgery,
restore the proper kinetics of the joint, enhance implant stabilization, and also reduce
the possibility of repetitive surgery [9]. There are different AM techniques that
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have evolved recently with processing composite materials. These include Direct
Metal Deposition (DMD), selective laser sintering (SLS), Stereolithography appa-
ratus (SLA) electron beam melting (EBM), selective laser melting (SLM), fused
deposition modeling (FDM), laser-engineered net-shaping (LENS) and Laser Metal
Deposition (LMD).

In the field of medical implants, multi- material printing is possible by AM
approach. Typical materials considered for implantation purpose such as polymers,
metals, alloys and ceramics are added with suitable other materials in order to
strengthen its physical, mechanical and especially biological characteristics such as
biocompatibility, non-toxicity, cell adhesion and cell proliferation [10]. For example,
bone joints which has to bear heavy load requires materials of efficient characteristic
such as high yield strength, lightweight, strong biocompatibility, and great resistance
to corrosion [11]. The procurement of acceptable materials has become more critical
because components manufactured by AM needs to fulfill the precise specifications
for different implants. However, thermoplastic materials, metallic alloys, ceramic
materials remain restricted to processable materials. In the past decade, researchers
in the field of material science have been progressing towards the use of innova-
tive and advanced composite materials suited for the layer-by-layer build approach
followed inAM techniques [12]. Carbon fiber (CF) reinforced Polyether ether ketone
(PEEK), a polymer composite effectively applied in dental and orthopedic appli-
cations is produced by the FDM technology. Addition of CF has improvised the
mechanical properties and quality of the implant. Moreover, it has good bone regen-
eration capability, cell adhesion and biocompatibility properties than pure PEEK
[13]. Hydroxyapatite (HA) reinforced titanium is the most influential metal-ceramic
matrix composite implant in bone tissue engineering [14]. Zirconia based ceramic
matrix composites produced by SLM can be used for dental restoration applications.
The flexural strength is more adequate and 100% density was achieved before post
processingwhich is more suitable for dental applications and comparatively advanta-
geous over sintering process [15]. FGM implants were developed by combining this
dual technology composite material and AM methods. Powder bed fusion, binder
jetting and fused filament extrusion processes were carried out by printing function-
ally graded materials (FGM) implants with controlled composition and improved
mechanical behaviour [16].

There is limited availability of wide spectrum of composite materials processed
through AM methods in biomedical implants [17]. This current review presents a
comprehensive discussion on the design for potential biomedical implants with AM
of composite materials. The compilation of Typical AM methods and wide range of
functional composites help the reader to understand the present trends happeningwith
biomedical implants. A detailed discussion on polymer matrix composites (PMCs),
metal matrix composites (MMCs), ceramic matrix composites (CMCs), FGM on
biomedical implants has been made in the review. Following sections discuss about
AM methods for biofabrication and design for biomedical implants, mechanical



28 R. Whenish et al.

behaviour and characterization, bio-suitability of additively manufactured biomed-
ical implants, significant applications and future scope. The prospects of AM tech-
nology using functional bio-composites in dentistry, bone replacement, tissue engi-
neering and medical instruments are discussed with case studies. Especially medical
instruments to handle COVID-19 pandemic as a remarkable contribution of 3D
printing technology is also covered in this chapter.

2 Bio-Composite Materials Used in Biomedical
Applications

Composite materials are composed with two or more constituents which are widely
used in different engineering applications including bio-medical applications for
producing implants and new devices. The characteristics of composites used in
biomedical applications can be altered according to essential demands and it can
overcome the limitations of using single-phase materials [18]. Any biomaterials
should possess characteristics such as bio-compatibility, bio-degradation ability and
biomimetic mechanical properties. Composites possess better biological compati-
bilities, durability and optimal mechanical strength with body tissues. Composite
materials provide better choice by overcoming the shortcomings of homogeneous
materials. These reasons brought attention of many scientists and material engineers
towards bio-composites [19]. For orthopedic applications bio-composites used were
based onmaterial classifications such as polymeric bio-composites, ceramic compos-
ites, metal composites and FGMs. There are different key factors of importance
that need to be accounted while deciding the suitability of material for biomedical
applications [20] (Table 1).

2.1 Polymeric Bio-Composites

Variety of polymers arewidely used in bio-medical applicationswith necessary prop-
erties in the form of solids, fibers, fabrics, gels and films. By considering polymer
composites, short fibers or long continuous fibers,wovenfibers, nanofillerswere rein-
forced with biocompatible polymer matrix [22]. Both thermoset and thermoplastic
polymer composites were applied for biomedical applications. Thermoset polymer
composites have low young’s modulus and high strength which have been installed
in femoral prostheses and fixation devices such as screws, plates, wires, rods and
nails. The fixation devices show better performance than femoral prostheses. Ther-
moplastic polymer composites were implemented in acetabular cups and artificial
knee joint bearing [23].

Human body has soft and hard tissues. Polymer composites are alternative as well
as suitable choice for metals and ceramics in biomedical applications [24]. Metals
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Table 1 Key factors of importance for selection of materials in biomedical applications [21]

Key factors

Physical characteristics Chemical
composition/biological
characteristics

Mechanical characteristics

Elastic modulus, Yield
strength, Tensile strength,
Poisson’s ratio, compressive
strength

Surface characteristics/surface
roughness

Adhesive characteristics Hardness, shear modulus,
flexural modulus, shear
strength, flexural strength

Functional requirements Bio-functionality,
bio-activeness, bio-stability,
bio-degradation, bio-inert

Stiffness, fatigue strength,
fracture toughness, creep
resistance, friction resistance,
impact strength

Processing and fabrication
requirements

Different forms (powders,
film, mesh, etc.), geometry,
thermal and electrical
conductivity, colour

Reproducibility, sterilizability,
quality, secondary
processability

possessing high young’s modulus and low bio-compatibility tend to react with body
fluids causing corrosion. For example: Titanium has elastic modulus which is up to
110 GPa at the same time elastic modulus of cortical bone is 13.8 GPa and spongy
bone is 1.38 GPa. The difference in elastic modulus leads to mechanical overloading
of surrounding bone and damage (“stress-shielding”). Ceramics has few drawbacks
such as brittleness, difficulty in fabrication, high density and poor mechanical prop-
erties. Polymers are the first-choice material which are mainly applied for soft tissue
applications [25]. Polymers are classified into natural polymers (soy, collagen, fibrin
gel, silk) or polysaccharide (starch, alginate, chitosan) and synthetic polymers [26].
Naturally—derived polymers has ability for cell adhesion, cell proliferation, migra-
tion and differentiation, whereas synthetic polymers have predicted properties such
as mechanical strength [27]. Hydroxyapatite (HA)/Polyethylene (PE), CF/ultra-high
molecular weight polyethylene (UHMWPE), CF/epoxy and CF/PEEK are poly-
meric bio-composites used in dental, orthopedic and fixation devices [16]. There are
other suitable polymer composites applied for implant and fixation devices such as
CF/polystyrene, CF/PMMA(Poly (methylmethacrylate), polyethylene terephthalate
(PET)/Polyurethane, CF/PTFE (Polytetrafluoroethylene), GF/PEEK, GF/PMMA,
PCL (Polycaprolactone)/HA [28]. Polysaccharides, the trending long chain poly-
mers composed with different materials as a polymer composite are extensively used
for tissue engineering applications [29].
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2.2 Ceramic Composites

Ceramics have been applied more than 4 decades in orthopedic applications and
it has good reputation with positive success rates. Non-bio-active ceramics were
used 20 years ago in orthopedic and dental applications [30]. Ceramics were mainly
used for hard tissues such as articulating bearing surfaces due to low frictional co-
efficient and low wear rate compared with metals. Ceramics are well known for
its good bio-compatibility, corrosion resistance and high compression resistance.
At the same time, it has few poor mechanical properties which can be nullified by
adding another ceramics, metals or polymer with ceramics [31]. CMCs possessing
good mechanical properties such as superior stiffness, fracture, fatigue, tribological
and thermal properties. Alumina–Zirconia is one of the thoroughly studied CMC
with good bio-compatibility and wear properties. At the same time manufacturing
of ceramic- ceramic composites is a tedious process.

Fiber reinforced CMCs are significantly influenced by its toughness character-
istics. Ceramics are composed with biodegradable polymer matrices for several
biomedical applications. Bio-active silica nano particles added with polymer Poly-
lactic Acid (PLA) induce calcium phosphate formation which enhance bone appo-
sition. Silica based bio-active ceramic polymer matrices exhibit better mechanical
properties which are more suitable for bone grafting and scaffolding. Degradations
occurs quicker in SiO2/PLA composite than pure PLA indicating that silica induces
degradation of PLA. Bioactive glasses with polymer matrices are dedicated to tissue
engineering applications because it has capability of controlling biological and chem-
ical properties [32]. Ceramics composed with metals are applied in various biomed-
ical applications which will be discussed in following section. Ceramic—metal
composites are applied for hard tissue applications such as orthopedics and dental.
For example, Magnesium (Mg) based ceramics such Mg/Al2O3 and Mg/Si3N4 are
used in scaffolding applications [33].

2.3 Metal Matrix Composites

Metals are known for its high strength, wear resistance and ductility. But when it
comes to tissue engineering and biomedical applications it has some flaws such as
corrosion, high density, high stiffness and superior young’s modulus. Metals and
alloys can be modified by reinforcing ceramics in order to make it feasible for bio-
medical applications [34]. Mg based composites are mainly applied for biodegrad-
able bone implant applications. Mg was added with porous PLGA (poly (lactic-co-
glycolic acid) and applied for tissue engineering applications such as dental and
orthopedics. Mg/HA, Mg/HA/TiO2, PEEK/Mg are Mg based biodegradable MMCs
applied in bone scaffold applications [33]. Titanium based composites are consid-
ered as a prominent implant material for bone scaffolding applications such as Ti-
TiB/TiC, Ti-Nb2O5 [35]. Carbon Nano tubes (CNTs) reinforced composites are also
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trending these days for biomedical applications for its bio-compatibility. Ti/HA,
Ti/FA, Mg/HA, Mg/FA are the trending MMCs in implant applications which had
gone through several in vivo and other studies [36].

2.4 Functionally Graded Materials

FGM is a well-arranged composition of different materials such
metals/polymers/ceramics in a single entity for designing composite materials
for long-term consistency and reliability. The characteristic of a FGM is the
progressive composition and microstructure throughout its dimensions, resulting in
strengthening properties. This approach has been applied considerably in hard tissue
applications such as bone and dental implants. In dentistry, FGM concept has been
applied for dental implants and its coatings. The metal implants which were coated
with HA, zirconia (Zr), and its oxides are providing osseo-integration and reduce
stress shielding. Titanium combined with bio-ceramic materials, such as Ti/HA is
being used as dental implant in recent days, due to their good bio-compatibility
and osseo-integrative ability with surrounding teeth and bone. A study revealed that
Ti/HA FGM implant has reduced stress by about 22% and 28% than other dental
metal implants such as Ti and stainless steel respectively [37]. The following section
discusses about design of such biocomposites for biomedical implant applications
using AM technology.

3 Design for Biomedical Implants Using Additive
Manufacturing Technologies

AM is a novel platform to address complex medical problems into three dimen-
sional prototypes. AM tools brought major revolution in biomedical industry by
developing enormously the biofabrication methods. Customized healthcare products
and services, patient—specific health care solutions are facilitated adequately by
advanced AM techniques [38]. Extrusion based AM technique i.e., FDM is widely
used (1/3rd) among all the AM techniques for printing biomedical implants and
devices [39, 40]. Among the artificial human organ manufacturing, bones are prefer-
ably produced in a large quantity about 19% by using AM technologies. Figure 1
depicts about the various AM techniques applied in human organ manufacturing
[41].

Powder bed fusion (PBF) AM techniques such as SLS [42], SLM, VAT poly-
merization AM technique such as SLA and DED AM technique such as LENS are
the exclusive biofabrication methods followed in biomedical industry for making
implants, drug delivery devices and biomedical instruments [43]. According to global
orthopedic marketing report, metal-based biomaterials are in a significant position
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Fig. 1 AM techniques used in biomedical implants

even though ceramics, composites and polymers are also getting used. Metallic
biomaterials can be processed through SLS, SLM or DMLS (Direct Metal Laser
Sintering), EBM and LENS techniques. Polymeric biomaterials can be processed
through FDM [44, 45], SLA, and binder jetting process. While, Ceramics are
processed through SLS or SLM. Various composite materials and FGMs can be
processed through SLM and LENS AM techniques. Figure 2 depicts the schematic
representation of various AM techniques used in biomedical industry. Section 4 illus-
trates the behaviour of functional biocomposites for bone implantation applications
using various AM techniques (Table 2).

4 Mechanical Behaviour/Characterisation
and Bio-Suitability of Additively Manufactured
Biomedical Implants

4.1 Traditional Manufacturing Method of Bone Repair
and Replacement Tasks

Polymer bone cements, specifically PMMA cements have been broadly applied for
past 50 years in joint replacements for knee, hip, elbow, shoulder (for anchoring)
[47]. To ascertain the quality of bone cement for long-term survival, there should be
cohesion while good mixing of cement and how it is applied in order to reduce the
rate of loosening [48]. PMMA bone cements are mostly used for joint arthroplasty
procedures. The bone cement functions are applied to immobilize the implant, carry
out the body and service loads from prosthesis to the bone and enhance the load
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Fig. 2 Major AM techniques applied in biomedical applications

Table 2 Bio-composite materials and corresponding AM technique [46]

AM technique Bio-composite materials

FDM Polymer-metal, PMCs, short fiber-reinforced
composites, PZT for FGMs

3DP PMCs, MMCs, ceramic-ceramic short fiber-reinforced
composites

LOM PMCs, CMCs, fiber and particulate reinforced
composites

SLS, SLM Metal–metal, MMCs, ceramic-ceramic, PMCs, short
fiber-reinforced composites

µSLA/SLA PMCs

LDM (Low temperature Deposition
Manufacturing)

Composite slurries (polymers, ceramics)

For FGM LENS CoCrMo/Ti6Al4V, TiC/Ti, Ti/TiO2, Ti6Al4V/IN718

FFF Al2O3/ZrO2

carrying capability for prosthesis-bone-cement system [49]. Bone cements are used
for anchoring to act like a grout, to fill the void space or cracks in order to generate a
tight space to hold the implant against bone. After this, the drilling is made in femoral
tunnel through bone void filler and native bone, which allows anatomic positioning.
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Table 3 PMMA cements production systems

Powder components Liquid components

• Copolymers beads based on PMMA
• Initiator: Benzoyl peroxide
• Contrast agents: zirconium dioxide (ZrO2)
or barium sulphate (BaSO4)

• Antibiotics: Gentamicin, Tobramycin

• A monomer, methyl methacrylate (MMA);
• Accelerator (N, N-Dimethyl para-toluidine)
(DMPT);

• Stabilizers (or inhibitors)
• Chlorophyll or artificial pigment;

The bio-absorbable interference screw was used to fix the autologous graft or any
other implants [50]. Powder and liquid component was combined as dual component
system for making PMMA bone cements as shown in Table 3. Both are mixed at an
appropriate ratio of 2:1 to initiate polymerization [51].

Polymerization refers to combination ofmore than two smallermolecules together
to form larger molecules with similar structural units of original molecules. Poly-
merization process has four stages such as mixing, waiting, working, and setting.
The stages are marked with time as dough time, working time and setting time.
Dough and setting time are measured from beginning of mixing till its start working.
Working time is measured as the interval between dough time and setting time.
There are following factors which could affect dough, working and setting times are
following:

• Mixing process—Mixing has to be done properly and uniformly. Too much rapid
mixture fastens the dough time but may cause weaker, more porous like bone
cement.

• Ambient temperature—The temperature increases 5% per °C approximately
which directly reduces the dough and setting time and the temperature decreases
which increase them in vice versa at the same rate.

• Humidity—High humidity quickens the setting time and lowhumidity decelerates
it.

Apparently, polymer-based implants are temporary and biodegradable, subse-
quently the implants are fabricated using solid metal for orthopedic plates, fixation
devices to biomedical instruments.Metal based implants are predominantly identified
as a biomaterial because they have noteworthy advantages when compare to polymer
or other materials as well as fine mechanical characteristics and chemical/biological
compatibility. Implantable medical materials are familiar for last 100 years. The
most familiar metal alloys are applied for implantation purposes such as stainless
steel (iron-based), cobalt-based, pure titanium-based alloys and various refractory
metals and noble metals. The noble metals used in implantation have capability to
integrate with electronic components. The various metal materials, its properties,
implant application and challenges are indexed in Table 4.

However, the demand and needs for metal and polymers could be satisfied
by adding composites or alloy structures for orthopaedics applications. By using
composite or alloy structures, it is possible to mimic the live tissues such as bone,
cartilage, teeth and its functionalities. Therefore, still there is a demanding need to
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Table 4 Materials, characteristics, challenges and applications of implants [46]

Materials Characteristics Implant application Challenges

Surgical trade
stainless steel

High strength and
good ductility

Fracture fixation device
Temporary implants

Difficulty to integrate
with bone or soft tissue
so not suitable for
complete structure

Co-based alloys (eg,
Co-Cr–Mo,
Co-Cr-W–Ni)

High corrosion
resistant, high
strength and hardness

Permanent implants
such as artificial joints
or hip prostheses

Low ductility,
traditional fabrication
is quite challenging

Nitinol (Ni–Ti) Shape memory
behaviour (ability to
shape changes after a
temperature change)
Super-elasticity

Widely used in
vascular stents and
fixation device

Not suitable for
complete bone
implants, complication
in traditional
fabrication

search for better biomaterials as bone substitute in orthopedic applications. Current
developments in material science and manufacturing techniques are evolving to
prompt alteration in design and assortment in materials used in implants. Whereas
the recent emergence of the additive manufacturing techniques plays an important
role to overwhelm the traditional manufacturing challenges. Particularly to process
the metal and polymer materials to acquire required shapes and geometrical features
adding to the potential applications of implants.

4.2 Additive Manufacturing of Bone Replace and Repair
Task

Additive manufacturing technique is used widely in medical implants particularly
PBF techniques such as SLM, SLS, LMD and EBM. These techniques are used to
fabricate complex scaffolds to attain the operative demands for load carrying applica-
tions. Moreover, the metal powder like Ti-6AL-4 V has been the identified as impor-
tant stream originating material for fabricating scaffolds due to its notable biocom-
patibility using SLM AM technique [52]. The AM based implants are designed to
attain 3D periodic cellular structures, construction of hollow unit cells, triply peri-
odic minimal surface (TPMS). Based on these cellular structure fabrications using
AM techniques, it has potential to achieve mechanical and biological properties for
implants. In general, the implants require porous like structurewith adequate porosity,
strength and ability to withstand different mechanical stresses at specific regions. To
meet these properties in the fabricated implants, AM techniques are having a great
potential to process FG porous biomaterials [53]. AM based implants are listed in
Table 5.

In Fig. 3, the mechanical properties of the AM processed TI-6AL-4 V reveals that
the properties are highly influenced by AM processing techniques, conditions and
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Table 5 Implants fabricated through AM techniques

Implants Materials AM processing
techniques

Properties achieved

Diamond unit cells to
mimic the structure of
the femoral diaphysis
[54]

Ti-6Al-4 V (FGM
porous biomaterials)

SLM Compared to another
unit cell
Low density
(1.9 g/cm3)
Moderate modulus
(10.44 GPA)
High yield stress
(170.6 MPa)
Reasonable ductility

Porous implant model
for cortical bone
replacement [55]

Ti-6Al-4 V (EOS
GmbH Electro optical
systems, Germany)

DMLS Elastic modulus 12–18
GPa
Invitro cell culture
studies reveal good
biocompatibility

Fabrication of Scaffolds
(BCC), normal cubic,
cross cubic fabricated to
45° [56]

Ti-6Al-4 V EBM Cubic
structures—excellent
mechanical properties
(young’s modulus and
compressive strength
Cross structures—high
mechanical property in
torsion (Shear modulus
and shear strength)

Porous implant structure
[57]

pure Ti powder LMD Mechanical strength of
24–463 MPa and a low
young’s modulus of
2.6–44 GPa
Porous Ti samples also
stimulated faster OPC1
cell differentiation
compared with
polished Ti sheet

Fig. 3 Ti-6Al-4 V specimen processed by SLM, EBM, LMD
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heating–cooling cycles that drive during layered production [58]. Initially particles
undergo rapid heating to melting by laser/electron beam energy source [59]. Further,
the melt pool solidifies and the develops a grain microstructure; in the next layers
processing, the solid structure is exposed to heat repeatedly [60]. Based on this
complex thermal cycle, it drives to metastable microstructures and compositional
phases that differentiates the part fabricated [61].

In general, LMD heat is transferred in conduction mode to the shield gas and built
material, convection to the shield gas. However, in SLM, powder bed around the part
restricts heat conduction, and reduces the convection contribution due to low flow
rate of gas. Apparently, in EBM heat transfer happens through conductive loss to
the machine and radiative loss from the part-built surface, whereas the part heated
at elevated temperature until the entire layers are released. [62]. Based on these
operational variations, as shown in Table 5 and mechanical properties for SLM,
EBM and LMD in Fig. 3 LMD parts has good tensile strength, probably due to
better cooling rates involved. As aforementioned earlier, due to rapid solidification
and thermal cycles drives the development of metastable microstructures and phases
which propels to increase the mechanical property. The following section covers
significant applications of biomedical implants using AM technologies apart from
orthopedics.

5 Significant AM Applications

5.1 Dental Applications

Polymers are primarily used in dental application, based on the following consider-
ations such as the easy way of processing/forming, simple curing techniques and the
availability of equipments in a dental laboratory or dentist habitation. The polymers
used in dentistry are as follows in Table 6.

Other polymers involved are Polystyrene, Polyethylene, and Poly vinyl acetate.
Generally, the thermoplastic polymers and resins are softened and molded under
heat and pressurized to form a required structure without any chemical addition.
Subsequently the thermoset polymers are final products which cannot be softened

Table 6 Polymers in
dentistry

Polymers Uses

Vinyl acrylics relining material

Epoxy resins die material

Polyether, Polysulphide, Silicone impression material

Polycarbonates temporary crown material

Polyacrylic acid denture base material
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Fig. 4 Metals used in dentistry

by reheating as they have undergone irreversible chemical reaction called poly-
merization required for dental applications and they are also insoluble in organic
solvents [63]. In recent times, metals and its alloys have also been used extensively
for dental end-use applications. Figure 4 shows the different types of metallic mate-
rials beingwidely used in the dentistry fields. TheAM technology had been exploited
in various engineering sectors, particularly in bio-medical and dentistry sectors.
Various types of AM techniques are employed to typical dentistry materials due
to their inherent processing characteristics. The potential benefits which are gained
from AM technologies are shown in Fig. 5.

AMtechnologies are broadly categorized under three approaches, viz liquid based,
powder based and solid based. AM process parameters among various techniques
influences greatly affects the additively manufactured part in terms of their end-use
performance. In dentistry, AM used to fabricate the patient-specific and customized
dental crowns, aligner, surgical templates, bridges, and orthodontic braces. The
different AM techniques which process different engineering materials (liquid route,
powder and solid route) and their accuracy resolutions are illustrated in Fig. 6. For
instance, the processing parameters in different AM techniques impact the build
geometrical accuracy, residual stresses, distortions, cracking and warpage, process
induced and gas induced porosities and surface finish quality.

5.1.1 Future Directions of AM in Dentistry

The AM technology is penetrating and creating a significant impact in the domain of
dentistry for various product development as well patient specific implant quickly by
minimizing process chain in the industrial scenarios. It has tremendous potential in
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Fig. 5 Potential benefits from AM technologies

Fig. 6 Different AM techniques for different materials in dentistry

the training and practice sessions of medical education sector especially for budding
dentists.
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5.2 Tissue Engineering

PCL/HA composite bone scaffolds are produced by SLS demonstrated bone growth
with controlled mechanical properties through in vivo studies. Biodegradable
polymer PLLA (Poly L-lactide) composite, i.e., PLLA/TCP composite scaffold
produced via LDM technique for bone repair and regeneration. The porosity of
the structure is achieved fairly and animal model study was conducted using canine.
24weeks of study revealed that the composites have good bio-compatibility and bone
regeneration capability [17]. In another study, PLGA/Pearl composite scaffolds were
made using LDM approach, shown that scaffolds were supporting adhesion, prolif-
eration and differentiation of rabbit femoral crest [64]. Developing hybrid implants
and FGM implants are possible by using SLM approach and several studies were
made already. Apart from SLS and SLM, EBM also can be used tomakeMMCbased
functional and load bearing implants [65]. FDM is mainly focused on developing
polymer/fiber-based composites such as CF/PS, CF/PTFE and GF/PEEK.

5.3 Medical Instruments

Apart frommaking human tissues, AM technique is helpful for designing and devel-
oping medical instruments. Medical instruments are to be made with high resolution
and accuracies and it is possible by using AM techniques. Metals and Polymers are
extensively used to make medical instruments. FDM is used for making polymer
based medical instruments whereas SLA is mainly used to make metallic based
medical instruments [66]. During COVID-19, many countries had gone through
a severe shortage of Personal Protective Equipment (PPE) kit, testing kits like swabs,
respiratory support apparatus and key components such venturi valves and disin-
fection components. This huge needs were met well with possible AM techniques
from developed countries to developing countries. During peak time of Covid-19, in
European countries and United States, a single ventilator was effectively employed
to accommodate multiple number of patients for oxygen supply by incorporating
ventilator splitters and adjusted flow control valves (no2covid-ONE valve) which
was built by 3D printing technology in order to compensate ventilator shortage.

6 Conclusion and Future Perspective

AM techniques has made a valuable contribution in biomedical segment particularly
by developing functional biocomposites for implants, devices, drug delivery and
organ-on-chip which has expressed its compatibility and effectiveness [67]. Some
of the most important bio-composite materials and AM technologies for biomedical
implants were discussed in this chapter.
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• PBF and Laser processed AM techniques are mainly involved to produce MMC
and FGM based bone implants with suitable mechanical and biological properties
with expected porosity level.

• Extrusion based AM techniques especially FDM used for producing fiber rein-
forced polymer composites for implants in dentistry, tissue engineering and
instruments.

• LENS –a DMD AM technique is used exclusively to build FGM based implants.
• The increasing interests in these techniques will find the possibility of obtaining

good control and reproducibility over patient-specific customized biomedical
implants and devices to encounter the definite conditions [68].

• Though AM techniques are utilized well in biomedical field, developing the smart
scaffolds embedded with sensors and printing of Shape memory scaffolds are still
challenging tasks.

• Design for Bio-additive manufacturing is another future research aspect for
developing customized scaffold constructs and devices.

There is a need for more development in biomedical industry especially in case
of for biomedical implants in terms of design, materials, process capabilities and
optimization, controlled environment and modelling of complex tissues. The explo-
ration of unsolved problems in this field, shall attract AM technology as amainstream
technology by solving them with suitable methods and can help to gain acceptance
as well as broaden its range of applications [64].
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3D Printing of Composite Sandwich
Structures for Aerospace Applications

Chetan J. Choudhari , Prafull S. Thakare , and Santosh Kumar Sahu

Abstract This chapter briefly explores the importance of 3D printing technology in
fabrication of composite sandwich structure for aerospace applications. Recently 3D
printing composite sandwich structure showed immense potential over traditional
manufacturing process due to its freedom to design customization and print complex
composite sandwich structure with minimum wastage of material. The investigation
here enlightens the types of core, joining method, advantages and performance of
3D printing composite sandwich structure intended to aerospace industries is inves-
tigated in details. The performance of the 3D printed composite sandwich structure
usually measured using compression, bending and impact test. It is also noted energy
absorption characteristic is the crucial factor that measures the performance of the
sandwich structure. The energy absorption depends on the topology of the unit cell
and the material for fabrication. It is concluded that 3D printing is most flexible and
sustainable technology formanufacturing composite sandwich structure in aerospace
industries.

Keywords Industry 4.0 · 3D printing · Sandwich structure · Aerospace · Energy
absorption

1 Introduction

The 3D printing methodology is a class of additive manufacturing (AM) technique,
which is leading the way in the manufacturing industries in digital transformation of
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Industry 4.0. Three dimensional (3D) printing is an advancemanufacturing technique
that comes under AM, which shown as potent technique in manufacturing industries
[1]. It reduces labor-intensive methods employed by the manufacturing industry over
the last 200 years. 3Dprinting is a process ofmanufacturing component one thin layer
at a time. In 3Dprintingdigital designdata providedby computer-aideddesign (CAD)
and printer builds component layer by layer by depositingmaterial in predefined path
[2]. Applications of 3D printing technology endures to grow in the field of aviation,
automotive industries [3, 4], Food, healthcare and construction, medical, architecture
[5, 6], electronic, fabric and fashion industries [7–9]. In comparison to traditional
manufacturing processes, in which individual parts are produced and then assemble
to create a complex structure, in 3D printing process object is printed by layer by
layer. This ability of 3D printing enables to produce more complex object and gives
freedom in new and unpracticed geometric designs [10].

The stiffness, strength and stability under loading condition is very important
in various mechanical components in aerospace industries [11–13]. In such case
advanced light weight composite materials are suitable for wing to better wear
resistance [14, 15], greater thermal resistance [16, 17] and superior mechanical
properties [18]. A sandwich structure is an unique example of composites mate-
rial that are used in aerospace parts like wings, fuselage, rudder, elevator and many
others are designed as per the criteria and standards. Typically composite sand-
wich structure comprises of a light weight core separated by upper and lower stiff
skins with a joining layer. These are being used widely in aerospace industry due
to its weight and strength factor. Composite sandwich structure provide high flex-
ural rigidity [19]. In the early stage United States developed aircraft convaire B-58
bomber which used composite sandwich honeycomb structure, which had ability to
reach Mach 2.4. The structure was light and it consist only 0.24% aircraft’s gross
weight. The wing sandwich structure is made up of aluminum skin and cloth honey-
comb core. The potential gain of composite sandwich structure is very large; it
shows high flexural rigidity without increasing the mass. So use of sandwich struc-
ture in aviation industry becomes very popular and efficient over the years [20]. In
total Additive Manufacturing market, aerospace industry shares 18.2% as per the
Wohler’s report. Additive manufacturing techniques suits components of aerospace
as they are more complex in geometrical point of view. Composite sandwich struc-
tures are customized product with on demand manufacturing and influenced for
high performance to weight ratio [21]. As per the development point of view due
to complexity in manufacturing of composite sandwich structure still remain to be
researched and upgrade. Conventional manufacturing methods show limitations in
producing composite sandwich structure. In contrast to conventionalmethod, additive
manufacturing (AM) of composite sandwich structure promises improved ordered-
automation and save material during manufacturing [22]. Among AM technologies,
3D printing enables unmatched opportunities in manufacturing over other methods
due to ease in processing, lowmaterial and production cost andmulti-material and on
demand design parts modification. The 3D printing technology has ability to reduce
complexity in the process of manufacturing of composite sandwich structure parts in
aviation industries. This chapter presents overview of composite sandwich structure
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intended to apply in aerospace industries. Here, 3D printing sandwich composites,
classification, materials for skin and core, joining methods a performance analysis
are discussed. In conclusion summary and future prospective are also deliberated.

2 Composite Sandwich Structure in Aerospace

2.1 Importance of Composite Sandwich Structure
in Aerospace

Most of the aircraft structural parts are under bending load therefore composite
sandwich structure plays important role in aircraft application to resist bending.
Composite sandwich structure whole cross-section enables proper load and stress
distribution [23, 24]. In composite sandwich structure outer layer are made up of
stiff material and interior section with less dense and weak material to save weight
as shown in Fig. 1. Composite sandwich structure in aircraft wing is shown in Fig. 2.
In composite sandwich structure skins (outer faces) are kept away from neutral axis.
Flexural rigidity EI is an index of the bending (flexural) strength of an element.Where
E is the elasticity module is material property but I moment of inertia which is struc-
ture property and provides bending resistance of the section view is shown in Fig. 3.

Fig. 1 Typical composite
sandwich structure.
Reproduced from Ref. [20]
copyright 2020, Elsevier (CC
BY 4.0)

Fig. 2 Composite Sandwich
structure at Aircraft wing
Reproduced from Ref. [20]
copyright 2020, Elsevier(CC
BY 4.0)
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Fig. 3 Typical neutral axis location of beam. Reproduced fromWikipedia Ref. [25] https://en.wik
ipedia.org/wiki/Bending (CC BY-SA 3.0)

The inertia increases due to increase in distance from center during rotation. Second
moment of area enables the increase in bending resistance. In case of composite
sandwich structure, it separates two stiff faces with higher E value away from the
central neutral axis so that EI get maximized and increases bending rigidity. This
is the main reason composite sandwich structure have high flexural rigidity [22].
Composite sandwich structure assures concentrated direct bending stresses (axial
σxx , σyy and τxy shear) on the face sheets. In summary for a sandwich composite
structure [25]

• Plane stresses and shear loads are taken by upper and lower skin.
• Core with low density sustain transverse loading and separates upper and lower

skin for higher bending rigidity. Core also supports skins against buckling and
gives support to fastener load.

• Adhesive has ability to hold assembly. Due to which shear loads doesn’t affect
skin and transfer to core.

2.2 Beginning of Composite Sandwich Structure
in Aerospace

In the year 1956 United States developed aircraft convaire B-58 bomber which used
composite sandwich honeycomb structure, which had ability to reach Mach 2.4 [2,
26]. The honeycomb structure was light in weight, had 0.24 percent of total gross
weight of the aircraft. The wing consist of sandwich structure through aluminum face
sheet and a cloth honeycomb core [20, 27]. North American Aviation (NAA) had
developed XB-70 “Valkyrie” with speed of MACH 3 in the year 1964[27]. NAAwas
made up of a stainless steel honeycomb sandwich face, with good flexural rigidity
and thermal insulation. [28, 29]. The material selected for core honeycomb and skin
was stainless steel. [30, 31].

https://en.wikipedia.org/wiki/Bending
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2.3 Development of Composite Sandwich Structure
in Aerospace

Composite sandwich structure with composite skin material was developed in civil
aviation with consideration of safety [32]. The airframe is the important structure of
an aircraft; it has bear aerodynamic forces and stresses. Stresses include the weight
of fuel, crew, and payload. The primary structure includes ailerons, elevators and
rudders whereas secondary structure includes flaps, speed brake and landing gear
door also known as auxiliary parts [33, 34]. Over the year’s aluminium honeycomb
/ boron-epoxy skin used for landing gear door, flaps, rudder and speed brake. This
methodology used by “McDonnell F4”, “Northrop F5”, “Douglas A4”, “General
Dynamics F111”, “Grumman F14” [20] (shown in Fig. 4).

3 Composite Sandwich Structure Components

According to Hoff and Mautner [35] “the typical feature of the sandwich structure
with multilayer skin that comprises of one or more high-strength outer layers (faces)
and one or more very low-density inner layers (core)”. Figure 5 shows the schematic
representation of composite sandwich structure.

Fig. 4 i Horizontal stabilizer of F14 ii Dassault mirage F1 sandwich structure Reproduced from
Ref. [20] copyright 2020, Elsevier (CC BY 4.0)
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Fig. 5 Composite sandwich structure. Reproduced from Ref. [26] copyright 2020, Springer (CC
BY 4.0)

The efficiency of sandwich structure in aerospace industries are primarily depends
on the structural configuration along with the material of sandwich. Sandwich struc-
tures have high structural stiffness to structural weight ratios, superior ballistic oppo-
sition, and improved thermal and vibration and noise isolation properties [36]. Sand-
wich structure also shows superior flexural rigidity and improved bending strength
with less weight, which are important mechanical properties [22]. The sandwich
structure in aerospace mainly depends upon type of core structure design, core and
skin material and joining methods. These things are discussed in the subsequent
section.

3.1 Core

Core is low density structure which separates upper and lower skin (high tensile and
compressive structural property). Core is low density lightweight structure with high
shear stiffness. Core structure design and material is as follows.

3.1.1 Core Structure Design

Composite sandwich structure in aviation depends on the core structure design. Cores
are classified as represented in Fig. 6 and are discussed below.

Truss core sandwich structures are most used sandwich structure and famous
in aerospace. Truss core geometries includes tetrahedral, kagome, pyramidal and
X type configurations [37]. In recent years by using transition process “Hourglass”
truss sandwich structure is designed [38], shown in Fig. 7 (i&ii) for various truss
core used in recent years.

Foam core sandwich structure used in aerospace. It possesses high stiffness and
lighter in weight. As per tailoring property it is divided as negative poisons ratio &
multifunctional core [39]. In further as per core reinforcement foamcore are classified
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Core
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Structural 

Core
Smart 
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Fig. 6 Types of sandwich structures

Fig. 7 iFour sandwich panelswith truss core configurationsReproducedwith permission fromRef.
[40]. Copyright 2021, Elsevier. ii Sandwich structure for gliderwithKangome core [20] Reproduced
from Ref. [20] copyright 2020, Elsevier (CC BY 4.0)

as tacked foam core and Z-pin foam core and then it is subdivided into various core
as shown in Fig. 8.

.
Corrugated core sandwich structures are significantly use due to its ability to take

load and capacity to absorb energy [41–43]. The corrugated core placed between
upper skin and lower skin, which are classified based on different geometries of
core such as: rectangular shaped, triangular shaped, trapezoidal shaped, arc-tangent
shaped, and sinusoidal shaped cores as shown in Fig. 9. The corrugated based
sandwich structures have more shear strengths along longitudinal direction.

Honeycomb core sandwich structures are most efficient structures. It has wide
range of application in aircraft industry.Honeycombcore has various geometries such
as square, triangle, circular, hexagonal, and auxetic honeycombs [44, 45]. Negative
Poisson’s ration in auxetic honeycomb enables greater fracture toughness along with
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Fig. 8 Stitched foamsandwichpanels.aOblique direction.bVertical direction cX-Core.dK-Core.
Reproduced with permission from Ref. [39]. Copyright 2018, Wiley

Fig. 9 Corrugated sandwich core with i rectangular, ii triangular, iii trapezoidal, iv arc-tangent,
and v sinusoidal geometries. Adapted from Ref. [41] copyright 2019, Elsevier (CC BY-NC-ND
4.0)
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resistance to indentation, superior shear modulus, vibration and noise absorption
ability and lower fatigue crack propagation [46]. It also have shape recovery property
[47]. Various auxetic structures are shown in Fig. 10 along with use of honeycomb
in wing aircraft.

Novel Core structure are developed for better axial compression performance,
higher core shear strength, impact resistance, buckling resistance, enhance load
bearing & energy absorption as well as to achieve exceptional mechanical prop-
erties [40, 48–50] few of them are derivative core like typical Y shape structure
sandwich cylinders etc. hybrid core hollow core hierarchical core folded core graded
sandwich structure. Figure 11 shows various types of novel core structure.

Fig. 10 i Hexagonal honeycomb, ii Reentrant-auxetic, iii Auxetic-strut, iv Auxetic honeycomb
v Auxetic-honeycomb vi Honeycomb core in wings Adapted with permission from Ref. [50].
Copyright 2017, Elsevier

Fig. 11 Novel core structure i Y shaped core sandwich ii Sandwich cylinders iii Hybrid core
Adapted with permission from Ref. [51]. Copyright 2018, Elsevier
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THERMOPLASTICS
• Good insulating properties
• Good energy absorption 
• Moisture and chemical 

resistance

ALUMINUM
• Better strength-to-weight 

ratio
• Superior heat transfer 

properties
• Relatively low cost.

SPECIAL METAL 
(TITANIUM)
• Comparitvely high 

strength per weight ratio
• Superior chemical 

inertness
• High temperature 

resistance

CARBON
• Superior dimensional 

stability
• Shape retention at higher 

temperature
• High stiffness

CERAMICS
• Heat resistant
• Better insulating properties
• Very small pore sizes

Fig. 12 Material in honeycomb core for aircraft and their characteristics

3.1.2 Core Material

Over the years lots of development has been done on the material of core. Stimulus
response of material is one of the important characteristics need to be consider for
material selection. Core can be made up of metallic, non-metallic and composite
materials which includes aluminum alloy, steel, paper, carbon and natural fiber [51–
54]. Experimentally it is proved that composite core is more efficient than metallic
core subjected to quasi-static as well as dynamic conditions. Considering the cost
parameter of composite core, the non-metallic cores are on higher side than metallic
core [55–59]. Nomex i.e. aramid paper are typically preferred in aircraft compared to
other material due to the properties like flame resistant, super insulating properties,
diminutive dielectric properties, easy formability along with light-weight character-
istic. Figure 12 shows commonly used material in honeycomb core for aircraft and
their characteristics [60–63].

3.2 Skin Material

Skin is thin sheet which covers core on both side as shown in Fig. 5. Skin must be
highly rigid so that it can absorb initial force without getting wrinkle [20]. Skin
material must have high energy absorption characteristics, high strength against
bending, high temperature resistance. Aluminum, fiberglass, Kevlar, or carbon fiber
face sheets are material commonly used for composite sandwich structures used
in aircraft construction. Titanium and steel shows significance in high temperature
constructions. Research shows that combination of carbon fiber skin and aluminum
honeycomb core may lead to corrosion of aluminum. [35, 36]. In aviation for sand-
wich structures aluminum alloys arewidely used skinmaterial. Apart from aluminum
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alloy high strength carbon fiber/epoxy, glass fiber-reinforced polymer (GFRP) and
carbon/epoxy fabric is also used [64–66]. Table 1 shows the mechanical properties
of some general skin/facing materials [36].

3.3 Joining Methods

The most important process in the composite sandwich structure is to join core with
face sheet together, tomake a sandwich structure. The joining layermust load transfer
ability, durability, chemically stable and light weight [67]. The intersection among
core and face sheet layer shall be schemed in such a manner that there will not be any
sharp defections of the force flow lines to avoided apart from each other. Figure 13
shows the optimize process for joining of sandwiches.

In aerospace industries inert method [68–70] is used for joining sandwiches. The
main function of the insert joint is to hold firmly core with skin through strong force
so that they never easily get apart from each other. It makes possible to tolerate
forces, generally bolts are used. Figure 14 shows typical insert in joining method of
sandwich [68].

4 Composite Sandwich Structure Using 3D Printing

The use of 3D printing technology has grown tremendously and replaced the tradi-
tional manufacturing method in aerospace, automobile and other industries. 3D
printing shows immense flexibility and efficiency in the production of composite
sandwich structure as shown in Fig. 15. Application of 3D printing technology for
composite sandwich structure is discussed below.

Li et al. [71] developed sandwich composite structures with improved mechan-
ical properties for wide variety of structural and mechanical applications. In this
research 3D printing technology route was used to produce 3D printed core mate-
rials with three different structural designs such as truss, conventional honeycomb
along and re-entrant honeycomb topologies as shown in Fig. 16. 3D printing tech-
nology is a process that follows layer-by-layer fabrication process, with enhanced
mechanical properties of the material. Orientation also plays a major role in deter-
mining the performance of the printed specimen, which is also another advantage of
3D printing fabrication route. Including these advantages 3D printing also enables
flexible manufacturing of different parts.

Wang et al. [72] developed composite sandwich structure using thermoplastic
lattice truss structure through carbon fiber. Dual nozzle free hanging 3D printing
used to developed composite sandwich. FDM technology was used without moulds
forming, adhesives and support materials. The work also involved structural self-
monitoring electrical resistance measurement. In this study author investigated
printing accuracy and failure modes of tested samples. Figure 17 shows a unique
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•The connection must be able to transmit
all forces and moments that occur.Forces

•Dimensions shall be small.Dimensions

• Elastic deformations that will occur 
under   load must be limited.Deformations

•Uniform strength for sandwich strength
and jointsStrength

•The joint shall be lightweight .Weight

•Same Fatigue life of all partsFatigue

Fig. 13 Important Joining characteristics of sandwiches

Fig. 14 Typical insert in joining method of sandwich. Reproduced with permission from Ref. [68].
Copyright 2018, Elsevier

dual-nozzle 3D printer and lattice truss sandwich structure considered for the
investigation.
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Fig. 15 Manufacturing flexibility by 3D printing

Fig. 16 Truss, honeycomb, and re-entrant 3D printed core Reproduced with permission from Ref.
[71]. Copyright 2017, Elsevier

Bonthu et al. [73] in their research work stated that three-dimensional printing
has capacity to build integrated, intricate shape, and a custom-made energy absorp-
tion component for development of composite sandwich structure using three-
dimensional printing method is used. Feedstock material was optimized before
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Fig. 17 Novel dual-nozzle 3D printer and lattice truss sandwich structure. Reproduced with
permission from Ref. [72]. Copyright 2019, Elsevier

fabrication. Syntactic based foam core composite is developed following certain
sequence.

Hou et al. [74] reported on composite lightweight structures (CFRCLSs) fabri-
cated with continuous fibre reinforced thermoplastic using 3D printing technology.
In this work layer thickness effect of 3D printing was analyzed in details. The Fabri-
cation accuracy, mechanical properties and performance of fabricate components
are also studied. It was also observed that the fiber content may change during fabri-
cation process, which measures their performance. More layers when integrate, it
builds more fibres into the 3D printed specimen. Figure 18 shows the equipment and
scheme for fabrication of CFRCLSs.

Fig. 18 i 3D printing setup for fabrication ii Robot assisted setup of CFRCLSs iii Scheme in 3D
printing ivModelled Corrugated core structure Adapted with permission from Ref. [74]. Copyright
2016, Elsevier
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Fig. 19 Scheme involved in fabricating composite lattice sandwich core using SiCp/SiC material
Reproduced with permission from Ref. [75]. Copyright 2016, Elsevier

Zhang et al. [75] in their work used PIP process for three dimensional printing for
core of composite sandwich structure. SiCp/SiC composite lattice Core is made up
SiCp/SiC composite lattice. It was observed that the enhancement in the mechanical
behavior was depended on the adopted methodology in the current work. The fabri-
cation material for lattice sandwich cores via E12/SiC powder using SLS technique.
Figure 19 represents the schematic diagram of the system involved in fabrication of
SiCp/SiC lattice based sandwich composite.

5 Advantage of 3D Printing in Aerospace

Aerospace industrywas earliest to adopted 3Dprinting technology. It shows immense
advantage, which extends it application in the field of aerospace. Figure 20 shows
some important advantage in aerospace industry fabricated via 3D printing route and
its allied process/parts [76, 77].

5.1 3D Printing Processes in the Aerospace Industry

The 3D printing route fabrication process is depending upon physical state of raw
material used and its fusion methodology. The raw material may be solid liquid
or powder based whereas thermal, ultraviolet light, laser and electron beam are
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SUPPLY CHAIN MAN AGEMENT

•Use of CAD software in 3D printing enables in reduction of the
amount of supply chain management

WASTE MATERIAL

•3D printing using additive manufacturing process reults in waste
material reduction and reuse of waste material in 3D printing process

FUEL

•Research shows that fabrication of metal bracket in aircraft using 3D
printing reduced the weight of around 50–80%, that can conserve
around US$ 2.5 million money yearly in fuel if manufactured by using
3D printing

PRODUCTION TIME

•General Electric (GE) adopted 3D printing technology for fabrication
of aerospace components that saved about 25% production cost and
time without compromising on the performance

REDUCED WEIGHT & CO2 EMISSIONS

•Use of 3D printing cuts the material consumption, reduce in the total
weight and payload , which inturn reduces the CO2 emissions by 130
to 525 tonnes by early 2025

PRODUCT LIFE CYCLE

•Product life cyle is improbed by 3D printing.It handles complex part
easily.

Fig. 20 The advantage of using 3D printing technology

methodology are used to fused the matter on molecular level. ASTM standard F2792
[78] categorized the 3D printing fabrication process into seven branches as shown in
Fig. 21.

Additive manufacturing technologies in aerospace can be classified into Additive
metal technologies AMTs and additive non-metal technologies [108–112]. These
technologies are described in Fig. 22.

In aircraft and allied parts such as surfaces of flight control, counting steering
blades, radars and elevators are fabricated by carbon fiber reinforced polymer
(CFRP) based composite structural sandwich fabricated via 3D printer. The skin and
composite core is printed as one piece underneath continuous line environments.
The processes involved printing skins in continuous fiber reinforced thermoplastics.
Figure 23 shows the sandwich structure with CFRP composite through 3D printing
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Fig. 21 3D printing technologies as per ASTM standard F2792

technique [79].

6 Performance Analysis 3D Printed Sandwich Composites

Performance of the 3D printed structural sandwich composite measured by crash-
worthiness and damping properties under various test conditions. The test like
compression, three point bending, impact test and free vibration tests are investigated
mostly related to usage of 3D printed sandwich composites in aerospace industries.
Following section explores the above performance analysis of 3D printed structural
sandwich composite briefly.

6.1 Compression Test

The compressive test used to analyze the energy absorption characteristics of the
composite sandwich panels as per ASTM C 365. Equation (1)–(2) used to measure
the ultimate compressive strength along with modulus of the structure [80, 81].

σc = Pc
Ac

(1)

Ec = m.t

Ac
(2)
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Fig. 22 Additive manufacturing technologies in aerospace

Fig. 23 Continuous carbon
fiber reinforced polymer
composite using 3D printing
Reproduced with permission
from Ref. [79]. Copyright
2019, Elsevier
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The symbols used above were same meaning as in literature Zaharia et al. [81].
The included area under stress–strain graphmeasures the energy absorption of the

sandwich composite [82]. The compressive strength analysis of 3Dprinted composite
sandwich structure was performed by Dikshit et al. [82]. There were two types
of structure such as Vertical pillar corrugated sine wave (VPSC) and corrugated
trapezoidal (VPTC). It was observed that the ultimate compressive strength of the
VPSC structures was 16.6% higher than that of VPTC structures. Sahu et al. [80]
reported effect of cell size variation on compressive properties of out of plane 3D
printed honeycomb structure using UTM test setup as shown in Fig. 24a. Figure 24b–
c shows the compressivemodulus and specific energy absorption graph versus size of
the unit cell under compressive loading. It was noted that the compressive modulus
for 10 mm cell was decreased to 41% for 36 mm cell size. The results delineates a
large compressive modulus and higher energy absorption due to increase in relative
density for lower cell size honeycomb structure. The damaged samples illustrated
in Fig. 25. It was evident from the results that the 10, 12 and 15 mm cell size the
damage mechanism was due mode-II type failure, layer separation, along with edge
cracking, whereas for higher cell size these mechanisms were less severe.

10 mm 12 mm 15 mm 21 mm 27 mm 36 mm
1.0

1.5

2.0

2.5

3.0

3.5

4.0  Compressive stress
 Compressive modulus

Cell size

U
lti

m
at

e 
co

m
pr

es
si

ve
 s

tre
ss

 (M
Pa

)

28

30

32

34

36

38

40

42

44

46

48

C
om

pr
es

si
ve

 m
od

ul
us

 (M
Pa

)

10mm 12mm 15mm 21mm 27mm 36mm
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Sp
ec

ifi
c 

en
er

gy
 a

bs
or

pt
io

n 
(k

J/
kg

)

Cell size

(a)                                     

(c)(b)

Fig. 24 a Compression test setup; b stress versus modulus; c Specific energy absorption versus
cell size. Adapted with permission from Ref. [80]. Copyright 2018, Elsevier
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Fig. 25 Failure scheme of 3D printed core. Reproduced with permission from Ref. [80]. Copyright
2018, Elsevier

6.2 Three Point Bending Test

Three point bending test is performed to measure the flexural strength of the 3D
printed composite sandwich structure. Flexural strength measures the structure resis-
tance to bending. The test is performed by applying a central point load at the center
of the sandwich beam causing bending moments throughout member. The test setup
is shown in Fig. 26.

The strength (σb) and modulus (Eb) during bending of the sandwich specimens
can be measured by following Eq. 1–2 [81].

σb = 3P.S

2bd2
(3)

Fig. 26 Flexural test setup
of structural sandwich
composite Reproduced from
Ref. [81] copyright 2020,
Polymers (CC BY 4.0)
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Fig. 27 a Force–displacement curves of 3D printed meta-sandwich beams b experimental c FEA
meta-sandwich beams deformed shapes. Adapted from Ref. [83] copyright 2018, Elsevier (CC
BY-NC-ND 4.0

Eb = S3m

4bd3
(4)

The symbols used above were same meaning as in literature Zaharia et al. [81].
Sarvestani et al. [83] investigated three types of meta-sandwich structure i.e.

Isomax, octet and cubic cores fabricated via 3D printing technology under three-
point bending test. Figure 27a illustrates the load–displacement (F-D) graph. It was
observed that with increase in displacement, there is struts failures, which causes
significant decrease in the F-D curves. This occurrence is not clearly seen in FEA
results, since in this research fracture criteria is ignored. Figure 27b shows illustrates
the deformed shapes in the experiment; while Fig. 27c represents the corresponding
deformations by FEA. Hou et al. [84] reported on dynamic three point bending test
of auxetic and non-auxetic composite sandwich structure with three different types
of core geometry such as diamond, honeycomb and re-entrant honeycomb structure.
It was observed that the re-entrant geometry displays a little absorption of energy
capability but greater robustness along with resilience.

6.3 Impact Analysis

Impact testing is a key technique to measure the parameters related to dynamic
fracture behavior of 3D printed sandwich composite materials. The range of impact
load vary from low velocity < 10 m/s) to high velocity > 50 m/s [85].
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Drop weight impact tests equipment is used to conduct low velocity impact test
for 3D printed composite sandwich structure. Load versus time curves is usually
obtained during the impact test. It is further analyzed to obtain energy absorption
graph. The energy absorption measures the sample ability to absorb energy until
damage. Equation (5)–(6) can be used for the impact analysis:

Impact velocity,

V = √
2gh (5)

where, ‘g’ = Acceleration due to gravity and ‘h’ = drop height in meter

Potential energy = mgh (6)

‘m’ = drop mass.
The low velocity impact characteristic of carbon fibre reinforced plastic (CFRP)

skin with Acrylonitrile Butadiene Styrene (ABS) thermoplastic honeycomb re-
entrant cores at various impact energy such as 20, 40 and 70 J was carried out
by Ozen et al. [86]. The test specimens were fabricated via 3D printer and impact
test was performed along in-plane and out-of-plane orientation. Figure 28 shows the
force versus time versus energy graph, and it was observed that, the in-plane orienta-
tion re-entrant core based composite sandwich panel revealed better impact energy
dissipation behavior compare to honeycomb core along in-plane and out-of-plane
orientation.

Bates et al. [87] investigated drop tower impact analysis of 2-stage, 3-stage, 5-
stage and continuously graded honeycomb structure and compared the results with
that uniform honeycomb structure. The results indicated that, at 270 mJ/cm3 impact
energy, the uniform structures densify completely than the graded structure.

7 Summary

This chapter summarized the rich landscape of 3D printing technology in aerospace
industry for manufacturing composite sandwich structure. In present scenario 3D
printing technology is used in aerospace industries for manufacturing engine and
turbine components, cabin interior parts. The 3D printing composite sandwich struc-
ture shows immense potential over traditional manufacturing process that is more
suitable for aerospace industries. 3D printing provides freedom of design, customiza-
tion and print complex composite sandwich structure with minimum wastage of
material.A comprehensive investigation of importance of 3Dprinting, developments,
joining technique, classification of composite sandwich structure is discussed. The
performance of composite sandwich structure under various loading condition is
also enlightened. Use of composite sandwich structure is inevitable in aerospace



68 C. J. Choudhari et al.

Fig. 28 Out-of-plane orientation experimental and FEM impact results of the honeycomb and re-
entrant sandwich beam at velocities of 2.236, 3.163 and 4.183 m/s Reproduced with permission
from Ref. [86]. Copyright 2020, Elsevier
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industry and it shows immense application. Following deduction can be drawn from
the current investigation:

(i) 3D printing technique is an ideal method in fabricating complex aerospace
components compare to other traditional methods.

(ii) A shorter time and lower cost of production are the two major advantage
allows the 3D printing technique adopted in aerospace industries.

(iii) The 3D printed technology allowed to fabricate the components with lower
weight that in turn decreases the weight of aircraft components, which is
primarily correlates with its fuel consumption moreover useful life of the
airframe.

On closing remark it is observed that 3D printing is most flexible and sustainable
technology for manufacturing composite sandwich structure in aerospace industries.

8 Future Prospective

Recent year’s shows huge development in the 3D printing technology for aerospace
industries. The on-demand productmanufacturing, stress-free customization and part
repair capability enabled by 3D printing, aeronautical manufacturers can consider-
ably reduce their time to fabricate vis-à-vis to market. However, still there are major
challenges that need to be addressed. The challenges include scalability of parts,
material cost, limited multi-material printing, quality consistency and limitation in
size of parts. The further development in the current area will address these margins
in manufacturing of future advanced 3D printed composite suitable for aerospace
industries.
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3D-Printed Spherical-Roof
Contoured-Core (SRCC) Composite
Sandwich Structures for Aerospace
Applications

Quanjin Ma , M. R. M. Rejab , Muammel M. Hanon , M. S. Idris ,
and J. P. Siregar

Abstract This paper studies the compressive properties of the 3D printed spherical-
roof contoured-core (SRCC) sandwich panels under quasi-static loading. The novel
core structure was used photosensitive resin as a thermoset polymer, which was
fabricated through the stereolithography (SLA) process. This paper was focused on
investigating the novel SRCC sandwich panels with spherical-roof contoured-core
and its diamond-shaped notch core design. The effects of core wall thickness, core
design, and boundary condition on the 3D printed sandwich panel were carried out
under axial quasi-static loading tests. The results were highlighted that the compres-
sive performance of the 3Dprinted sandwich panels increased rapidlywith increasing
the core wall thickness. The core structure was bonded with two skins that provided
higher compressive modulus, compressive strength, Fpeak , energy absorption (EA),
and specific energy absorption (SEA). Moreover, the failure behaviour of these 3D
printed novel composite sandwich panels was also studied.

Keywords Sandwich structure · SLA · SRCC core · Spherical-roof · 3D printed
contoured-core · Quasi-static loading

1 Introduction

It is generally known that sandwich panel is rapidly used in a large range of
lightweight structural applications, such as aerospace, marine, and automotive engi-
neering [1–5]. Sandwich structure can provide excellent energy absorption capability
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and a high stiffness-to-weight ratio. From a structural perspective, a sandwich struc-
ture consists of two skin sheets and a core structure. Two thin skin sheets and one
core sheet can provide better compressive strength, shear stiffness, buckling resis-
tance, and energy-absorbing performance [6]. It is stated that the skin and core sheets
have a significant role to improve the mechanical properties of sandwich panels [7].
Therefore, materials types and core designs of sandwich panels have increasingly
attracted attention under quasi-static and dynamic loadings. For core designs, it is
involved corrugated core [8, 9], honeycomb core [10, 11], egg-box core [12, 13],
lattice core [14, 15], etc.

There are many investigations on the mechanical properties on sandwich panels
with different core designs under several loadings [12, 16–19]. For instance, Chen
et al. [20] examined the in-plane localized failure response and progressive damage
mechanisms of sandwich panels under two different loadings. It was demonstrated
that the specific energy absorption of specimens under dynamic loading were 20%
lower than those under quasi-static loading.Haldar et al. [21] carried out the compres-
sive response of sandwich panels with an egg-box core, which observed the local
splitting damage at cell joining regions. Moreover, Khalifa et al. [22] conducted
the compressive response assessment of metallic sandwich panels under quasi-static
condition, which indicated that core wall thickness had a significant influence on the
ultimate loading capacity.

Recently, additive manufacturing is an advanced fabrication method to manu-
facture objects/parts/components using a 3D model [23], such as Selective Laser
Sintering (SLS) and Stereo Lithography (SLA) [24]. Compared with traditional
fabrication methods for a sandwich structure like hot-press moulding, compression
moulding, and folding methods, it highlights the outstanding advantage of manufac-
turing complex and multi-dimensional core designs using additive manufacturing.
Therefore, it is growing research interests in mechanical properties of sandwich
panels based on additive manufacturing, which is significantly focused on material
types (i.e., biopolymers [25], poly-lactic acid [26]), core design (i.e., corrugated
core [3, 27], honeycomb core [2, 10]), and geometries (i.e., core thickness [12, 28]).
For example, Haldar et al. [27] focused on the compressive characteristics of the 3D
printed corrugated triangular and trapezoidal core designs. It was obtained that it was
improved in the contact area, and two skins had outstandingmechanical performance.
Sarvestani et al. [29] developed the 3D printed architected polymeric sandwich struc-
tures under low-velocity loading, which indicated that the architected auxetic core
was great potential as the structural candidatewith aminimumperformance response.

With the rapid development of additive manufacturing, different core designs of
sandwich structures are proposed and studied, which is mainly addressed in struc-
tural applications [30–35]. For example, Ye et al. [26] manufactured the sandwich
panels with the 3D printed polylactic acid lattice core design by fused deposition
modelling, which showed that the lattice design had excellent energy-absorbing char-
acteristics. Hou et al. [36] proposed and investigated a novel 3D printed composite
sandwich panel with a corrugated core design, which had great potential to manufac-
ture complex shapes and multifunctional benefits. Although some studies have been
carried to investigate the mechanical properties of sandwich panels with different 3D
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printed cores, there are few research findings on 3D printed novel sandwich panels.
It is considered as another type of hybrid sandwich structure, which is mainly used
biodegradable polymer materials as either core or skin, or both used.

In this paper, the compressive response of the 3Dprinted spherical-roof contoured-
core sandwich panels is investigated under quasi-static loading. Particular attention is
mainly studied on this novel 3D printed novel core design under quasi-static loading.
Effects of core wall thickness, core design, and boundary condition are studied to
understand the compressive behaviour.

2 Materials and Methods

2.1 Materials Preparation

The photosensitive resin is also known as photopolymer, light-activated resin, and
UV curable resin, which is provided by Guangzhou Aifande Technology Co., Ltd.
The 1Kcarbonfibrematerialwas used twill pattern,whichwas supplied byShandong
Tianyada New Materials Technology Co., Ltd, respectively. The two-part adhesive
epoxy resin was chosen to bond the core structure and two skin sheets.

2.2 Specimen Preparation

The photosensitive resin was used to prepare the SRCC core material through
the SLA printing technique. Several technical SLA printing parameters have been
provided, which are normal layer thickness of 0.1 mm, the repeat position accuracy
of ±0.01 mm, vertical resolution of 5 × 10–4 mm, and relative temperature of 20–
26 °C. The 1 K carbon fibre sheet was cut into 100× 100 mm using the laser cutting
machine, which used a woven pattern and had two layers. Two skins were bonded to
the core structure tomanufacture the bonded sandwich panels using a two-part epoxy
resin as a structural adhesive (DP420LH, 3 M™ Scotch-Weld™) in the ratio of 2:1.
The adhesive glue was attached to the core structure through the injection device.
During the bonding procedure, specimens were cured at room temperature for 1 h.
The image of the common and novel SRCC cores used SLA printing is shown in
Fig. 1.

A series of experimental tests were studied on the 3D printed novel sandwich
panels with the core wall thickness of 1.0, 1.5, and 2.0 mm, which had a 2 × 2
number of cells. Two types of core designs were studied: the common spherical-
roof contoured-core (SRCC) and novel SRCC with four diamond-shaped notches,
as shown in Fig. 2. The image of 3D printed SRCC sandwich panels is illustrated
in Fig. 3. Two boundary conditions were involved in this study: bonded with skin
sheets (boundary condition) and only core structure (none boundary condition). The
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Fig. 1 Image of common and novel SRCC cores on fabrication working platform

Fig. 2 3D printed spherical-roof contoured-core designs: a common SRCC design; b novel SRCC
design with four diamond-shaped notches

Fig. 3 Image of 3D printed
SRCC sandwich structures:
a common SRCC core;
b novel SRCC core with four
diamond-shaped notches
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specimen ID: SRCCS101 is represented that the SRCC sandwich panel with 1.0 mm
core wall thickness as the first trial. The specimen ID NSRCCS101 is recognized as
the novel SRCC sandwich panel with four diamond-shaped notches, which had the
first trial of the 1.0 mm core wall thickness.

Moreover, the specimen ID NSRCCS10N is represented that the novel SRCC
sandwich panels, which have a 1.0 mm core wall thickness and free boundary condi-
tion. In addition, several parameters have been mentioned in this study, such as
the peak load (Fpeak) and the mean load (Fmean). Fpeak is directly obtained from
the load versus displacement curve. Fmean has divided the energy absorption (EA)
by compression displacement. Table 1 summarizes the structural dimension of 3D
printed spherical-roof contoured-core sandwich panels used in this study.

Table 1 Summary of 3D printed spherical-roof contoured-core sandwich panels used in this study

Specimen ID Core wall
thickness (mm)

No. of cells Total height
(mm)

Length × Width
(mm)

Mass (g)

SRCCS101 1.0 2 × 2 28 100 × 100 61.4

SRCCS102 1.0 2 × 2 28 100 × 100 60.0

SRCCS103 1.0 2 × 2 28 100 × 100 60.3

SRCCS151 1.5 2 × 2 28.5 100 × 100 67.1

SRCCS152 1.5 2 × 2 28.5 100 × 100 67.0

SRCCS153 1.5 2 × 2 28.5 100 × 100 67.8

SRCCS201 2.0 2 × 2 29 100 × 100 74.6

SRCCS202 2.0 2 × 2 29 100 × 100 75.7

SRCCS203 2.0 2 × 2 29 100 × 100 75.5

SRCCS10NS 1.0 2 × 2 25 100 × 100 15.4

SRCCS15NS 1.5 2 × 2 25.5 100 × 100 22.5

SRCCS20NS 2.0 2 × 2 26 100 × 100 29.7

NSRCCS101 1.0 2 × 2 28 100 × 100 54.6

NSRCCS102 1.0 2 × 2 28 100 × 100 54.4

NSRCCS103 1.0 2 × 2 28 100 × 100 54.5

NSRCCS151 1.5 2 × 2 28.5 100 × 100 59.3

NSRCCS152 1.5 2 × 2 28.5 100 × 100 59.0

NSRCCS153 1.5 2 × 2 28.5 100 × 100 60.0

NSRCCS201 2.0 2 × 2 29 100 × 100 62.5

NSRCCS202 2.0 2 × 2 29 100 × 100 62.6

NSRCCS203 2.0 2 × 2 29 100 × 100 61.7

NSRCCS10NS 1.0 2 × 2 25 100 × 100 10.0

NSRCCS15NS 1.5 2 × 2 25.5 100 × 100 14.2

NSRCCS20NS 2.0 2 × 2 26 100 × 100 17.2
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Fig. 4 Images of the experimental test under quasi-static loading: a SRCC core; b SRCC core
sandwich panel

2.3 Quasi-Static Loading Test

The specimenswere carried out the quasi-static loading test usingWDS-30model test
machine (Beijing TIMEHigh Technology Co., Ltd, China), which has the maximum
load capability of 50 kN. The quasi-static compression test was followed the ASTM
C365 [1]. Experimental tests were undertaken 1 mm/min as the crosshead compres-
sion rate and the compression platens were set parallel on the test platform. Besides,
specimens were crushed until around 80% compression distance of the initial spec-
imen’s height. Three specimens of each core design and core wall thickness were
performed.

Moreover, nominal stress versus strain curve was calculated from the applied
load (normalized by the skin planar area of 1.0 × 104 mm2), and the original
height of specimens normalized the crosshead displacement. Besides, the crushing
behaviour of specimens was recorded under quasi-static loading. Figure 4 illustrates
the photograph of the experimental test in this study.

3 Results and Discussion

3.1 The Effect of Core Wall Thickness

Load versus displacement curves of the 3D printed core is shown in Fig. 5, which
refers to the SRCC and NSRCC designs. It was found that two types of designs have
provided different deformation behaviour. It was observed that the initial peak load
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Fig. 5 Load versus displacement curves of 3D printed core structures: a SRCC; b NSRCC

and compressivemodulus were sharply increasedwith increasing the core wall thick-
ness for both core designs. Moreover, 3D-printed core structures with two designs
had demonstrated two different deformation mechanisms under quasi-static loading.
For SRCC design, it was suddenly broken into several pieces after reaching the peak
loading, which hardly had the plastic deformation stage. For NSRCC design, it had
two deformationmechanisms,whichwere elastic and plastic deformation stages. The
several peak load point under the plastic deformation stage observed several damage
behaviours around the notch designs, which agreed with other research findings [1,
4]. It was noted that the effect of core wall thickness played an important role in the
load versus displacement curves.

Load versus displacement curves of 3D printed SRCC and NSRCC sandwich
panels were shown in Fig. 6, which was bonded with the two carbon fibre skins. It
was observed that both 3D printed sandwich panels with two types of core designs
have elastic and plastic deformation stages. For both 3D printed sandwich panels,
it was indicated that the peak load rapidly increases with increasing the core wall

Fig. 6 Load versus displacement curves of 3D printed sandwich panels: a SRCC; b NSRCC
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thickness. It was demonstrated that compression load rose rapidly to the peak load
before more rapidly decreasing as the core design feature. Densification of two types
of designs was observed under quasi-static loading due to the increased constraint
applied by the two skins. During the plastic deformation stage, 3D printed sandwich
panels started to flatten under compression displacement increased. It was evident
that 3D printed core structure with boundary condition significantly increases the
initial peak load and compressive stiffness, which agreed with other research results
[12, 21, 27].

Figure 7 summarizes the compressive response of the 3D printed sandwich panels
with two core designs. It was found that the compressive modulus and strength
increased rapidly as the core wall thickness increasing, which provided a non-linear
increasing trend over the range of thickness considered. It was demonstrated that
the 3D printed sandwich panels with SRCC design provided better compressive
properties than its NSRCC design for two types of core designs. For the core wall
thickness with 2mm, the compressivemodulus and strength of SRCCwere 7.68MPa
and 0.73 MPa, which was 2.08 and 2.70 times compared with the NSRCC design.
Furthermore, energy absorption (EA) and specific energy absorption (SEA) of 3D
printed sandwich panels with two core designs are presented in Fig. 8.

It was noted that EA and SEA of NSRCC design have a linear trend for the
range of the core wall thickness. In particular, the EA and SEA of NSRCC were
79.82 kJ and 1.28 kJ/g with 2 mm core wall thickness. In contrast, the maximum
EA and SEA of SRCC appeared on 1.5 mm core wall thickness. Therefore, it is
generally concluded that compressive modulus, strength, EA, and SEA of the SRCC
are rapidly increased by increasing the core wall thickness, which provides better
energy-absorbing characteristics than the NSRCC design.

Fig. 7 Compressive modulus and strength of 3D printed sandwich panels: a SRCC; b NSRCC
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Fig. 8 EA and SEA of 3D printed sandwich panels: a SRCC; b NSRCC

3.2 The Effect of the Core Design

The effect of core design on the compressive response of the 3D printed spherical-
roof contoured-core sandwich panels is shown in Figs. 9 and 10. Figure 9 illustrates
the compressive properties of 3D printed core designs. It was observed that the 3D
printed core structurewithSRCCdesignprovidedbetter compressive properties, such
as Fpeak , Fmean, compressive modulus, and strength. Furthermore, CM represents the
compressive modulus, and CS represents the compressive strength. Besides, EA and
SEA of 3D printed core structure with NSRCC design had better energy-absorbing
characteristics, which had the better densification condition of plastic deformation
stage under quasi-static loading. Figure 10 summarizes the compressive properties
of 3D printed SRCC and NSRCC sandwich panels. It was observed that 3D printed
sandwich panels with SRCC design provided better compressive properties, which
had the same trend chart on those parameters.

Fig. 9 Compressive properties of 3D printed core structure with two core designs: a SRCC;
b NSRCC
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Fig. 10 Compressive properties of 3D printed sandwich panels with two core designs: a SRCC;
b NSRCC

3.3 The Effect of Boundary Condition

The effect of the boundary condition of SRCC and NSRCC core designs is summa-
rized and analyzed on 1.0, 1.5, and 2.0 mm core wall thickness, as shown in Figs. 11
and 12. It was observed that the 3D printed core structure bonded with two skins
could significantly improve the stiffness comparing with the 3D printed core with
none boundary condition, which agreed with other research studies. It was also
evident that the SRCC core design showed a higher loading absorption capacity
under the plastic deformation stage, which was compared to the NSRCC core design
in the same boundary condition. Moreover, it was provided a similar trend on load
versus displacement curves with three different core wall thicknesses. Therefore, it
was shown that the effect of boundary condition had no significant relationship with
the core wall thickness. Furthermore, it was highlighted that two skins bonded with
a core structure could significantly increase the compressive properties. The bonded
contact area skins resisted the compressive performance under quasi-static loading,
which improved the compressive response on two core designs.

Figures 13 and 14 illustrate the compressive response of the 3D printed SRCC
and NSRCC designs under different boundary conditions. It was observed that the
compressive properties of the NSRCC core increased, where the experimental results
had an increasing trend on compressive modulus, strength, and Fpeak over the range
of thickness considered. For the SRCC core design with boundary conditions, the
maximum compressive modulus, strength, and Fpeak were 7.68MPa, 0.73MPa, 7.32
kN, 2.62 1.72, and 1.74 times higher than its none boundary condition on 2 mm core
wall thickness.

For NSRCC core design with boundary condition, the maximum compressive
modulus, strength, and Fpeak were 6.83, 9.01, and 8.18 times higher than its none
boundary condition on 2 mm core wall thickness. Increasing trends were apparent
with increasing the core wall thickness. Furthermore, the compressive properties
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Fig. 11 Load versus displacement curves with three core wall thickness of SRCC sandwich panel:
a 1.0 mm; b 1.5 mm; c 2.0 mm

of sandwich panel with NSRCC core design increased shapely on boundary condi-
tion, which highlighted the function of the skins as a sandwich structure. Table 2
provides the compressive properties of 3D printed spherical-roof contoured-core
(SRCC) composite sandwich structures.

3.4 Failure Behaviour of the 3D Printed Core Design

Figure 15 illustrates the image of failure behaviour of 3D printed sandwich panels
with two cores under quasi-static loading. The buckling mode was observed for both
core designs at the core structural edge under the elastic deformation stage. Cracks
of the 3D printed core occurred at the spherical-roof dome, resulting from the stress
concentration [1, 4]. For two different boundary conditions, it had several different
failure behaviours of 3Dprinted sandwich panels. For both core designwith boundary
condition, debondingmode between the core and skinswere observed. Cracksmainly
happened around the spherical-roof dome. For the NSRCC core design, the initial
cracks were started from the notch region, which was crushed into several small



86 Q. Ma et al.

Fig. 12 Load versus displacement curveswith three corewall thickness ofNSRCCsandwich panel:
a 1.0 mm; b 1.5 mm; c 2.0 mm

pieces. Moreover, several bonded regions between the core and two skins were still
bonded together after the final collapse.

4 Conclusion

The compressive response of 3D printed spherical-roof contoured-core sandwich
structures has been conducted under quasi-static compression loading as the common
and novel SRCC core designs. The effect of core wall thickness, diamond-shaped
notch design, and boundary condition with skin panels was explored. Within the
several limitations, the main conclusions were drawn as follows:

1. For the effect of the core wall thickness on both 3D printed SRCC and NSRCC
sandwich panels, and it was observed that the compressivemodulus and strength
increase rapidly with the core wall thickness, which provided a non-linear
increasing trend over the range of thickness considered. It was found that the
3D printed sandwich panels with SRCC design provided better compressive
properties than its NSRCC design for two types of core designs.
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Fig. 13 Compressive properties of SRCC sandwich panel under two different boundary conditions

2. For the effect of two boundary conditions, the compressive properties of 3D
printed sandwich panel with SRCC and NSRCC core design increased shapely
on the boundary condition.

3. For both core designs, it was concluded that the 3D printed core structure with
SRCC design provided better compressive properties, such as Fpeak , Fmean,
compressive modulus, and strength.

To maximize the crashworthiness while reducing the weight and fabrication cost,
3D core design optimization, such as material type (glass fiber, carbon fiber, and
hybrid woven fiber, etc.) and stacking angle, can be further studied. Furthermore,
additive manufacturing is developed rapidly to manufacture the multi-dimensional
core as the next generation of lightweight structural sandwich panels, which provides
another advanced fabrication method.
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Fig. 14 Compressive properties of NSRCC sandwich panel under two different boundary condi-
tions

Table 2 Summary of compressive properties of 3D printed spherical-roof contoured-core
composite sandwich structures

Specimen ID Compressive
strength
(MPa)

Compressive
modulus
(MPa)

Fpeak (kN) EA (kJ) SEA (kJ/g)

SRCCS10 0.35 ± 0.15 5.38 ± 1.20 3.28 ± 1.20 66.33 ± 15.20 1.09 ± 0.51

SRCCS15 0.64 ± 0.11 6.73 ± 0.80 6.45 ± 0.80 209.78 ± 20.00 3.02 ± 0.38

SRCCS20 0.73 ± 0.09 7.68 ± 1.00 7.32 ± 0.50 178.34 ± 16.00 2.37 ± 0.71

SRCCS10NS 0.11 ± 0.02 0.66 ± 0.30 1.11 ± 0.50 14.89 ± 2.80 0.97 ± 0.30

SRCCS15NS 0.22 ± 0.05 2.07 ± 0.40 2.20 ± 0.60 9.01 ± 3.00 0.41 ± 0.20

SRCCS20NS 0.42 ± 0.10 2.93 ± 0.50 4.21 ± 1.10 48.87 ± 10.00 1.64 ± 0.40

NSRCCS10 0.11 ± 0.02 1.46 ± 0.40 1.12 ± 0.20 53.69 ± 9.30 0.98 ± 0.05

NSRCCS15 0.24 ± 0.05 3.35 ± 0.80 2.48 ± 0.30 67.21 ± 7.10 1.13 ± 0.06

NSRCCS20 0.27 ± 0.10 3.69 ± 0.30 2.70 ± 0.25 79.82 ± 8.30 1.28 ± 0.05

NSRCCS10NS 0.01 ± 0.01 0.11 ± 0.10 0.15 ± 0.06 49.93 ± 15.20 4.98 ± 0.50

NSRCCS15NS 0.02 ± 0.01 0.29 ± 0.15 0.24 ± 0.05 71.53 ± 10.30 5.03 ± 0.40

NSRCCS20NS 0.03 ± 0.01 0.54 ± 0.12 0.33 ± 0.04 59.79 ± 8.90 3.47 ± 0.70
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Fig. 15 Photographs of failure behaviour of 3D printed sandwich panels with two core designs
under quasi-static loading
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Processing, Applications, and Challenges
of 3D Printed Polymer Nanocomposites

Nitla Stanley Ebenezer , B. Vinod , Angajala Ramakrishna ,
and Hanumanthu Satya Jagadesh

Abstract Theuse ofmanynewmaterials and their hybrids and composites in various
applications is growing inmaterial technologies. These alternatives include the poten-
tial of additive manufacturing (AM) for future revolution, and significant interest,
due to its radical ability to produce complex structures. The essential characteris-
tics of AM or 3D printing are flexibility of design, production modifications, waste
minimization, complex structures, and fast prototyping. The growing interest rate
in 3D printing enhances the demand for new materials constantly to embed 3D
printing in new emerging fields and make innovative applications. In various appli-
cations, including selecting, biomedicine, and automation, these materials are highly
assured. Furthermore, newmethods and technologies are identified in the 3D printing
process, aimed at improvedmechanical homes of soft 3D printed gels and controlling
materials in the thermal environment. The creation of new 3D printable materials is
detailed on both artificial and design aspects.
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1 Introduction

The existent chapter mainly emphasizes the multiple processing, practical applica-
tions, and potential difficulties encountered during 3D printing of Polymer-based
nanocomposites. It is followed by the numerous fabrication techniques employed
in 3D printing for tailoring novel polymer-based nanocomposites. The diversified
applications of 3D printed polymer-based nanocomposites paved away into almost
all marine, biomedical, aerospace, automobile industries. Despite the contemporary
research and technological pinnacles achieved in the current 3D printing industries,
there exist several challenges that demand an excellent establishment on greater
scales in the sectors of polymeric based additive manufacturing.

1.1 Definition and Advantages of Nanocomposites

Over the past couple of decades, the extensive investigation in material systems and
engineering has flaunted several new-age materials. Nanocomposites fall into this
category of new generation materials. Standard monolithic materials often endure
difficulties in procuring acceptable combinations of higher strengths, toughness,
stiffness, and lower densities [1–3]. Nanocomposites have been developed to over-
come these flaws in traditional metals and meet the increasing day-to-day demands.
Nanocomposites are often coined as material systems. Several distinctive phases
are combined to yield a superior quality material not available in the individual
constituent materials. Nanocomposites can be technically defined as a multiphase
material system (matrix phase, reinforcing phase) with peculiar phases, composi-
tions, orientations bonded together to retain both the properties of individual mate-
rials without undergoing any chemical reaction [4, 5]. Phases must have a length
of dimensions less than 100 nm. These individual components do not entirely
dissolve or fuse; they form an interface to facilitate the synergistic characteristics
that are not attained by the sole original materials. Several material systems like
metals, ceramics, polymers, porous materials, gels properties can be tailored made
with nanocomposites. The existent chapter profoundly emphasizes the polymeric-
based nanocomposite tailoring material systems with several enhanced mechanical,
thermal, electrical, and biomedical traits [6–8]. Several fabricating techniques like
Vat photopolymerization, powder bed fusion, material extrusion, material and binder
jetting are the most predominantly employed techniques in the 3D printing industry
for obtaining better quality products with good surface finishing and good dimen-
sional accuracy by minimizing casting defects to a significant extent. The incorpora-
tion of nanophases to the core matrix system overcomes the deficiencies of material
systems, thereby enhancing the electrical, optical, thermal, chemical, mechanical,
and catalytic traits. Polymeric nanocomposites tend to flaunt various desirable char-
acteristics like elevated tensile strengths, stiffness, impact forces under cyclic loading,
flame resistance, and several other alluring features [9, 10].
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2 Processing of Polymeric Nanocomposites

2.1 Polymeric Nanocomposites

Polymer composites synthesize supreme materials as they can be quickly processed
with satisfying lightweight and desired mechanical properties. Thermosets and ther-
moplastics are the various types of polymers. The curing of thermosets allows a
well-bonded three-dimensional molecular structure. They tend to decompose rather
than melting upon heating and cannot be regained to the original state, i.e., bonding
cannot be reversible [11]. This very nature of the thermosets is most suited as the
matrix bases for fibre-reinforced composites. Thermosets have an ample range of
utilization in chopped fibre composites. They can hold off high temperatures quickly,
can be used in automobile parts, insulating materials, defence systems.

Thermoplasticsmolecular structure ismostly one or two-dimensional. These ther-
moplastics have distinct dominance of attaining their original state upon cooling.
Automotive control panels, spoons, jugs, containers, electronic product encasement,
bottles, toys are prepared using thermoplastics. Incorporating filler materials into
thermoplastics boosts heat-resisting capacity [12].

2.2 Additive Manufacturing

During the early years, 1980s 3D printing techniques were depicted for the first
time and started to attain popularity to satisfy the challenging needs of the rapid
prototyping industries. Upon several research advancements, 3D printing techniques
underwent several formative transmutations and emerged as the pioneering software-
based fabricating technique for tailoring several composite systems,metals, ceramics,
and polymeric material systems. 3D printing often engages multiple printing tech-
niques to fabricate objects where the material is deposited layer by layer from the
extruder head or nozzle. 3Dprinting, additive, layered, solid-free formmanufacturing
is often interchangeably used in everyday speech. Diagrammatic illustration of 3D
printing is depicted in Fig. 1. 3D printing endures way more processing speeds,
greater precision, fabricates intricate shapes, ease of fabrication in contrast to the
traditional fabricating techniques, which involves much tedious, convoluted, and
time-consuming processes [13]. 3D printing engages computer-aided design soft-
ware to develop the virtual model and digital slicing technique for printing many
intricate shapes with ease. Faster fabrication rates, cost-effective nature, precession,
and customizable traits have made 3D printed materials pave into polymeric textile
industries, marine, automobile, metalmaterials, sensor, aerospace, biomedical indus-
tries. 3D printing of polymeric materials engages software-controlled multiple layer-
wise deposition techniques ranging from 15 to 500 µm. Post polymeric processing
techniques are performed on thicker polymers to ensure better surface aesthetics
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Fig. 1 Simple process involving the 3D printing mechanism

and surface properties. During multiple layer-wise depositions, polymeric mate-
rials with a layer thickness around 30 µm are barely noticeable to the human eye.
Multidimensional polymeric materials synthesized through conventional computer
numeric control techniques render faster processing speeds than the 3D printing
techniques. Although the CAD enables 3D printing ensures the synthesis of intricate
structures with ease and precession. Researchers and industrialists are carrying stren-
uous research to develop 3D printers with a shorter duration of processing times. AM
of polymeric-based industries emerged as the larger-scale industry paving its way
into almost all sectors in such a shorter time.However,AMpolymeric industry having
a few setbacks and challenges which require some serious attention for building the
AM of polymeric material systems on a broader scale.

2.3 Processing Methods of Nanocomposites

According toASTMF42/ISOTC261, AM formulated by theASTMF42Committee
established standard documentation for the processing, instruments, and feedstock
materials used for the polymeric, metals, ceramics, photo-polymeric resins, etc. [14].
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Fig. 2 Diagrammatic illustration of 3D printing classifications

3D printing of polymeric material systems is classified into the following seven types
vat photopolymerization, material jetting, material extrusion, powder bed fusion,
sheet lamination. The 3D printing classifications are represented in Fig. 2.

2.3.1 Vat Photopolymerization

3D printing technology was first illustrated with the Vat photopolymerization tech-
nique. It usually depicts the photopolymerization of liquefied resins under selective
curing using a direct energy source such as UV light to trigger the polymeriza-
tion traits. Under the Vat photopolymerization technique, the photocurable resin
system becomes reactive to specific wavelengths. Hence, it undergoes polymeriza-
tion, forming a solid structure [15–17]. The triggered photopolymerization chemical
reaction mainly arises from additives, liquid monomeric, oligomeric, and photo-
initiator formulations. Most of the polymeric materials used in AM are easily curable
in the presence of UV light. The incorporation of some photo initiator catalysts
enhances the rate of photopolymerization, i.e., faster solidification. For the printed
structure to be stable, the polymeric materials must display adequate cross-linkage
and superior strengths to prevent the redissolution into multiple monomers. Several
lithographic methods like stereolithography, DLP, and multiphoton polymerization
have gained popularity in the Vat photopolymerization technique [18].

Stereolithography

The first 3D printed solid structures through photopolymerization with a dual-axis
plotter were depicted by Hideo Kodama [19]. Later years witnessed an identical
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Fig. 3 Diagrammatic illustration of Stereolithography

methodology with a laser light source and a three-axis plotter system [20]. Stere-
olithography is a layer-wise deposition technique enabling the highest spatial resolu-
tion, which engages a spot-sized cantering of laser light for triggering superior cross-
linkages amongst the photo polymeric resins. The current methodology is depicted
in Fig. 3. The core components of stereolithography comprise a UV light source, the
synthesizing bed with an elevator, a Galvano scanner (consists of a set of mirrors for
scanning the lateral position), and a resin tank, i.e., VAT containing liquid polymeric
resin. For fabricating the 3D scaffolds, the spot-sized laser light is vertically focused
on the synthesizing bed. The printing speeds of the subsequent layers depend on the
laser beams scanning speed [21–23]. A group of coordinates will be assigned right
after the layer-wise deposition of the first layer, which determines the inclination of
the mirrors, thus enabling the laser beam to position through the photo-polymeric
plane. The dispersion depths of the laser light indicate the extent of curing and the
vertical resolution of the polymeric material. Diagrammatic illustration of Stere-
olithography is shown in Fig. 3. Viscosity depicts a crucial part of components
synthesized through the stereolithography approach; therefore, several non-reacting
solvents are incorporated to minimize density.

Digital Light Processing

Digital light processing (DLP) is very identical to stereolithography techniques that
involve layer-by-layer deposition for the 3D printing of the desired structures. DLP
technique, often coined as bottom-up configuration, engages a UV laser light source
to initiate the polymeric photoreactions. It incorporates polymeric resins, an elec-
tronically assisted monitoring system for guiding the X–Y directions of the source
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Fig. 4 Diagrammatic illustration of Digital light processing through Stereolithography

emitted light beam, and the synthesizing bed, as shown in Fig. 4. This DLP tech-
nique prints intricate 3D structures through layer-wise deposition technique where
the synthesizing bed progresses in the Z direction after successfully printing the 2D
layer [23–25]. The printed polymeric layers are photocured subsequently following
the irradiation techniques. DLP occupies a predominant status in the category of clas-
sical lithographic printing. DLP, which is also termed dynamic masking lithography,
engages dual white and black patterns to store the information relating to each poly-
meric layer. The following data is processed by employing an active masking device
such as a digital micromirror device (DMD) to print 2D structures. DLP involves
a single exposure stage where the entire polymeric layer is printed, reducing the
processing times and ease of fabrication in contrast to traditional stereolithography.
The photopolymerization of the polymeric resins arises due to irradiation. The bottom
side while the synthesizing bed progresses in the counter direction of stereolithog-
raphy. This DLP technique can print resolutions up to 10–50 µm depending on the
types of pixels, sophistication, and the patterns of digital micromirror device (DMD)
[26].

Continuous Liquid Interface Processing

The major flaw in Vat photopolymerization is the lack of desired amounts of oxygen
which inhibits the unfinished curing of the photo polymeric resins, thereby causing
peripheral irregularities and reduced mechanical behavior [27]. The desired amounts
of oxygen will endure practical triggers and strong cross-linkage amongst the poly-
meric chains. In addition, the existence of oxygen can lead to the light excited photo-
initiators to undergo quenching, thereby forming several types of peroxides. This
CLIP process engages an oxygen absorbent film at the cites nearer to the irradiation
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Fig. 5 Diagrammatic illustration of continuous liquid interface

source for elevated photopolymerization. This existence of the oxygen permeable
film eliminates the need for a recoating of individual layers.

The CLIP technique commences with the continual projection of oxygen
absorbent UV light-emitting source and another UV translucent screen situated at
the bottom of the polymeric resin and is depicted in Fig. 5. Curing of the polymeric
resin arises overhead the dead zone, which is located above the translucent window,
continually creating the desired suction forces accountable for the highly responsive
liquid state polymeric resin [28].

Multiphoton Polymerization

Multiphoton polymerization (MPP) is one of the capable techniques for 3D printing
of polymeric-based nanomaterials. Multiphoton absorption technique (MPA) in
polymeric-based materials typically arises mainly due to electrical transitions occur-
ring due to several photons [29, 30]. In the presence of multiple photons, the light
absorbent phenomena solely depend on the number of photons accountable for
triggering the electrical transitions and the intensity of the light source.

The 3D printing initiates with the projection of the light source through a set
of lens systems for intensifying the beam capacity to activate the resin system’s
multiphoton absorption capacity. For two-photon polymerization (2PP), the poly-
meric material is excited through both physical and chemical means of activation for
attaining optimal printing quality with maximal resolutions [31]. This polymeriza-
tion engages traditional UV imitators, laser sources, and an acoustic modulator for
effective photopolymerization and active photon absorption. The schematic setup for
MPP is shown in Fig. 6. The modulator yields zero, and the first-order diffractions
and the beam splitter effectively regulate the emitting light intensity. The entire appa-
ratus is provided with a couple of cameras for recording the photopolymerization
behavior of the synthesizing polymeric sample.
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Fig. 6 Diagrammatic illustration of multiphoton polymerization

2.3.2 Powder Bed Fusion

Powder bed fusion (PDF) is one of the most preferred processing techniques for
the fabrication of polymer-based nanocomposites. PDF involves a conjuncture of
several other processing techniques direct metal laser sintering (DMLS), electron
beam melting (EBM), selective heat sintering (SHS), selective laser sintering (SLS),
and selective laser melting (SLM) [32, 33]. PDF processing involves the liquefaction
and synthesis of the powdered based material systems to the desired intricate solid
structures is achieved by engaging a convention laser light or an electron beam as a
source.During thePDFprocessing techniques, a unique extruder or dispensingdevice
dispenses the newly formable resin. PDF processing technique. During the synthesis
state, the finely powdered material is uniformly dispersed amongst the previously
printed layers. PDF techniques are widely used for fabricating distinguished classes
of several material systems such as monolithic metals, composite systems, ceramics,
and polymeric-based resins. As the current chapter mainly emphasizes polymeric-
based nanocomposites, the subsequent chapters will solely prioritize the processing
method related to polymeric materials [34]. The powders employed for polymeric-
based materials during the powder fusion technique are entirely dissimilar from the
powders used for ceramic and metal-based powders. The most commonly used types
of polymeric-based materials are thermosets, thermoplastics, and elastomers.
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Selective Laser Sintering

Amongst all thePDF techniques, Selective laser sintering (SLS) is themost acclaimed
AM technique among several researchers and industrialists for synthesizing intri-
cate 3D structures from powder-based polymeric materials. As from the name, SLS
engages the conceptualization of sintering for the finely powdered polymeric parti-
cles to adhere together by using a layer-wise sequential order firmly. The existent
technique employs an activated laser beam as a source for polymeric powders for
creating 3D solid structures through a layer-wise deposition. This technique involves
polymeric residue, solidifying, accompanied by layer-wise deposition through the
progression of the synthesizing bed until the final layer of the polymeric material is
deposited through sintering. The laser source enables the faster solidifying rates of
the polymeric layers and the scanning and deposition of layers of the complex shapes,
corresponding to the CAD information. The laser beam deposited powdered poly-
meric structures results in light, liquefied, and solidified abutting particulates [35].
The higher temperatures of the synthesizing bed usually kept at temperatures below
the softening point of the polymeric powders results in reduced residual stresses
and minimal processing durations. The synthesizing bed is provided with addi-
tional powdered particles for embedding fragile particulates in complex structures,
thereby eliminating a supporting design. The surplus number of powdered particu-
lates residing at the sites of synthesizing bed is often reused without any wastage for
the printing of other structures [36–38]. The versatile nature of SLS paved the way
for the fabrication of material systems with several traits, dissimilarities in sintered
characteristics, surface morphologies, and softening points.

The nature and characteristics of the polymeric powder employed reflect the
mechanical behavior, number of residual stresses acting, surface characteristics,
stimuli response, and the surface morphology of the printed structures. The average
powder size utilized during the SLS is between 10 and 60 µm. SLS technique
engages several synthesizing methods to prepare nanopowders like mechanically
induced grinding and other precipitation techniques for achieving ultra-fine powders
[39]. The type of powder processing methods employed relies on the desired prop-
erties of the printable structures. The fabrication of polymer powders via SLS is
diagrammatically illustrated in Fig. 7.

For most polymeric-based nanocomposites, the powder processing techniques
involve incorporating the filler materials after the liquefaction of the extruded resins.
The SLS fabrication technique imitates with laser source induced polymeric precipi-
tation accompaniedwith extrusion of the liquefiedmaterial containing a non-miscible
solution. The resultant polymeric-based solvent triggers the emulsified polymeriza-
tion of the liquid-based indissoluble monomers accompanied by the polymeric melt
blends. Finally, cryogenically milled ultra-fine powdered fillers are incorporated
under an electronically assisted size regulating control system.
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Fig. 7 Diagrammatic illustration of selective laser sintering

2.3.3 Material Extrusion

Material extrusion is one of the several classifications of AM techniques that involves
the extrusion of the liquefied polymeric-basedmaterials through an exemplary nozzle
system. Mat Ex is a software-assisted layer-wise deposition technique that requires
extrusion of liquefied, semi liquefied polymeric solution through a print head orifice.
Mat Ex consists of several other methods like 3D fiber deposition, fluid deposition,
microfiber extrusion, 3D plotting, and dispensing fused deposition modeling. [40,
41]. The layer-wise printing of 3D structures is perfectly aligned with the progres-
sion of the print head extruder and the synthesizing bed, ensuring superior adhesion
amongst the individual polymeric layers. During the polymeric extrusion, the print
head extruder is set to the required softening temperatures of the printable material
systems. Mainly extruder temperatures are positioned beyond the softening point
of the semicrystalline polymeric systems and glass state transition temperatures for
amorphous polymeric-based materials [42]. Among the several classifications of the
Mat Ex techniques, Fused deposition modeling (FDM) is the highly acclaimed poly-
meric fabrication technique by most research frantic and industrialists due to its easy
and faster processing times. For thermoplastics rendering higher thermal stability 3D
micro extrusion is widely preferred for the extrusion of hydrogels, polyurethanes,
thermosets, and polymer latex [43, 44]. The 3D dispensing technique involves solid-
ifying the polymeric materials through physical and chemical reactions that yield
superior crosslinking among monomers, resulting in ionic and covalent bonds. In
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Fig. 8 Diagrammatic illustration of Fused deposition modelling

this technique, the curing of the polymeric material’s rapid crystallization and chain
entangling. Although for the processing of 3D printed nano polymers, several extru-
sion processes are engaged in the popularity gained by the fused depositionmodeling
due to its ease and faster processing time. The succeeding explains the various process
conditions for FDM.

Fused Deposition Modelling

FDMis themost acclaimed extrusion processing technique by several research enthu-
siasts and industrialists to synthesize polymericmaterials. FDMis an extensively used
polymer processing technique due to its manageable, simple, economic fabricating
costs. Polyphenylsulfone (PPS), polylactide (PLA), polycarbonate (PC) are the most
frequently employed thermoplastics in the existent processing technique [45]. FDM
flaunts the benefits of the economic cost of processing materials, minimal wastage,
and unaltered precision in contrast to the SLS processing technique. FDM technique
engages layer-wise deposition of the duo, i.e., supporting and building materials
being extruded through the dual print head orifice equipped with a liquefied hopper
shown in Fig. 8.

Primarily the supportingmaterial is extruded from the print head orifice leading to
the formation of the base/foundation of the printable structure. After the deposition
of the foundation layer, the synthesizing bed progresses downhill, thereby creating
room for the testimony of subsequent layers. This procedure is continued until the
final polymeric layer is deposited. The supporting material is withdrawn from the
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final structure by engaging liquid-based solvent without alternating the mechanical
behavior of the final printed design [46, 47].

2.3.4 Binder Jetting

The early period of the 1990s witnessed the very first usage of the binder jetting
approach. The existent technique uses a prime binding substance deposited onto the
synthesizing bed to create multiple cross-sections before the final 3D printed struc-
ture. This technique engages a laser emitting source for the softening of the polymeric
powders for establishing various cross-sections. The current process is identical to the
traditional newspaper printing where the binding agent, i.e., ink, progresses across
the layers and lastly prints the final component [48]. Binder jetting is usually regarded
as the optimal AM technique due to its capability of producing significant polymeric
components with ease, faster fabrication speeds, and the economical nature of having
a wide range of material systems. The subsequent briefly explains the classification
of binder jetting.

Inkjet or Polyjet Printing

Inkjet printing also referred to as polyjet printing, blends with the benefits of several
lithographic traits such as highest spatial resolution, superior surface morphology,
faster material building speeds, and volume. It is a non-contact approach enabling
3D printing of intricate polymeric structures. The current technique encompasses
thousands of inkjet orifices through which liquefied polymeric material is deposited
to form layers. Right after the deposition of the subsequent layers, UV light is focused
onto the individual layers for curing, and this process is repeated until the final
component is printed [49]. The inkjet head is shown in Fig. 9. During the synthesizing
of the polymeric components, the assistant material is not bound to the concluding
material, although it is evident that the assisting material aids the building materials
with surface irregularities and flaws to finalize into a perfect structure. The duo,
i.e., building and assisting material, are supplied in equal portions. This printing
technique involves synthesizing multiple colored and multiple materials with ease.

Aerosol Jet Printing

Aerosol jet printing, which is often termed as mesoscale deposition technique,
involves the fabrication of polymeric materials through ultrasonication and atomiza-
tion of the constructive material in an aerosol chamber liquefied polymeric solution.
This printing technique requires a viscosity equivalent to 2500 MPa for effective
dispersion of the polymeric particulates. During the synthesize of the constructive
material, atomization initiates, creating compact aerosol droplets with diameters
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Fig. 9 Diagrammatic illustration of Inkjet printing

ranging from 1 to 5 µm. These aerosol droplets are then transported to the deposi-
tion head chamber through a highly pressurized and intensified inert gas stream. In
this current aerosol jet printing, the polymeric layer-wise silhouettes are deposited
by the progression of the synthesizing bed. The aerosol jet lithographic arrange-
ment involves an ultrasonication atomizer enclosed in an aerosol chamber, an inert
gas orifice for aerosol transport towards the print head, nozzles for regulating the
aerosols, and a horizontally progressing synthesizing bed.

This fabrication method involves uninterrupted layer-wise deposition through the
conational flow of aerosols throughout the entire process. This apparatus is supplied
with a controlling hatch for inhibiting the pressurized steammaking contact with the
polymeric material. Aerosol jet printing is effective in printing 3D components with
10 µm lateral resolutions.

2.4 Processing Parameters of Polymeric Nanocomposites

During the processing of nanocomposites through the above-mentioned synthesizing
techniques, the succeeding material properties like adhesion characteristics, mass-
energy transport needs to be tailored and optimized accordingly. The existent section
emphasis on several material aspects that depict a significant role in the effective
processing of polymeric nanocomposites.
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2.4.1 Effect of Nanomaterials on Material Properties

Energy transfer is regarded as a prime factor for all AM processes. For extrusion
and light-activated polymerization techniques, global mass transfer is considered,
while for powdered fusion techniques, local mass transfer is treated as an essential
parameter [50]. For the processes which considered an international mass transfer,
the liquefied statematerial properties such as surface tension existing between air and
the polymericmaterial, viscosity duringmaterial processing state, and the volumetric
changes arising upon crystallization and curing needs to be optimized. Mass transfer
conditions decide the spatial resolution of the 3D printed components. Absorption
radiation depicts a significant part of enhanced raster velocity and curing depths of
the polymericmaterials [51]. Thermal conductivity is treated equally essential for the
mass transfer in lateral directions. Stronger adhesion arising amongst the individual
polymeric layers through thermal forces, chemical and physical bonding represents
the superior quality of the 3D printed structures [52]. For photopolymerization and
extrusion techniques, several reactions that arise at the sites of polymeric interfaces
tend to form stronger interfacial crosslinks, thereby enhancing the bulk properties.

2.4.2 Effect of Nanomaterials on Adhesion Behaviour

Interfacial bonding among nanofillers and the polymericmatrix is crucial for defining
the 3D printed material properties. Interfacial bonding is regarded as the prime
research concern for most research frantic. Several researchers have developed
a novel bond strength predicting model, and the experimentally obtained results
flaunted a stronger correlation with the predicted values [53, 54]. For most poly-
meric nanomaterials with robust matrix-filler interactions, the self-diffusion coeffi-
cients have significantly reduced at a specific value of temperature and time. Another
major challenge that affects the bond strength is the attainment of glass transition
temperatures of the polymeric-nanofiller interfaces [55]. The addition of highly reac-
tive nano particulates elevates the glass transition temperature, which results in the
decreased mobility across the polymeric-nanofiller interfaces, thereby reducing the
overall bond strength.

2.4.3 Effect of Nanomaterials Polymeric-Light Interfaces

The minimal resolution of the 3D printed polymeric material doesn’t solely rely
on the printer specifications but also rely on the nature and type of the polymeric
resin employed. At times, nano particulates may hinder the dispersion of the light
onto the polymeric resin, thereby minimizing the penetration depths and cure widths
[56]. The penetration depths mostly rely on the extent and loading fractions. This
type of nano particulates incorporated dissimilarities arising amongst the nanomate-
rials, polymeric resins. Conceptually nanomaterials with lesser wavelengths than the
curing light do not yield dispersion. However, in reality, distribution is quite often
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noticeable, which is mainly accountable to the presence of larger nanofiller agglom-
erates [57]. Therefore, enhanced chemical activity and dispersion arising amongst the
nanofiller and polymeric substance will minimize the unwanted distribution of light.
The absorption of light ismaximal for thematerials that enduremaximumnanofillers’
maximum distribution into the core polymeric matrix system [58]. Photopolymeric
materials with shorter wavelengths tend to have higher absorption rates. Graphene
oxide tends to have lower absorption rates at optical and longer UV wavelengths.
However, the absorption rate increases with a 2–5 factor for shorter wavelengths
[59, 60].

2.4.4 Effect of Nanomaterials on Viscosity

The significant dissimilarities of polymeric amongnanocomposites andmicro–macro
scale composites are striking. It will increase in surface area proportionate to the
volume of the nanomaterials. For material extrusion processes, the polymeric chains
tend to display substantially higher interactions with the surrounding surface area of
the nano particulates [61]. For polymeric nanocomposites with lower volume frac-
tions of nanofillers, the surface area’s rate of interactions is restricted. It eventually
results in decreased viscosity with minimal entanglements. The rate of interactions
with the surrounding nanofillers yields a jelly-like network with greater consistency
with amore significant volume fraction of nanoparticles. The aspect ratio of the incor-
porated nanomaterial decides the appearance of these gel structures [62]. The use of
nanoparticles with a higher aspect ratio during an extrusion process will substantially
impact the percolation threshold energy, thereby altering several mechanical traits.
For example, the incorporation of carbon nanotubes results in a minimal percolation
threshold, which results in the formation of networks with lower volume fractions
and stable viscosity [63].

2.4.5 Effect of Nanomaterials on Thermal and Crystallization
Behaviour

The incorporation of nanomaterials has a significant influence in tailoring the thermal
properties of the polymeric system. All the AM processing techniques are greatly
influenced by the thermal conductivities, softening temperatures, heat capacities,
and glass transition temperatures of the polymeric materials [64]. For most AM
processing techniques, the absolute value of the softening temperature and softening
transitions are considered to be very crucial. The addition of nanofillers to the poly-
meric matrix system has minimally altered the melting temperatures. The added
nanofillers tend to decrease the thermal coefficient of expansion, which reduces
the extent of shrinkage and buckling effects about the temperature changes. The
progression and interaction of the polymeric chains have depicted a crucial role in
the interfacial adhesion [65]. The addition of nanofillers demands higher handling
temperatures to increase the progressions and interfacial chain dynamics. Stronger
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interactions tend to increase the glass transition temperatures, whereas the contrast
is accountable for inadequate interfacial interactions, i.e., decreased glass transition
temperatures. The size of nano particulates also influences glass transition tempera-
ture shifts, for smaller nano particulates (<5 nm) depict a minimal effect. In contrast,
large-sized nanofillers (i.e., 10–50 nm) have the maximal impact on the glass transi-
tion temperatures [66]. As the nanoparticle agglomerates tend to increase, the glass
transition temperature attains a value nearer to the bulk material due to the random
and unrestricted dispersion.

The crystallization rates of polymeric nanocomposites tend to decrease for a nylon
matrix-based polymeric system [67]. The heat capacity is considered a crucial param-
eter for polymeric nanocomposites due to the dissimilarities in the core matrix and
nanofiller systems. No substantial differences in heat capacities are noticeable for
nanocomposites, with no significant distinctions in the matrix and nanofiller phases.
Nevertheless, the incorporation of nano particulates with significantly high thermal
conductivities elevates the overall thermal conductivity. For example, the incorpora-
tion of carbon nanotubes with elevated thermal conductivity to a polymeric matrix
system substantially lower thermal conductivity increase the overall thermal conduc-
tivity to around four times [68]. The increased area of themelt zone flaunts an increase
in densification, enabling stronger interfacial bonding, thereby increasing the overall
thermal conductivity. Thermal degradation curbed the number of interactions and
chain dynamics arising amongst the polymeric matrix and nanofillers [69].

3 Challenges

At present, 3d printing is described as extensively utilized in a variety of areas. 3D
printing has developed into a readily usable, affordable, and accessible process to
the public at wide. The combination of purposes one would create for 3D printers
is enormous. The additive manufacturing development can take advantage of 3D
printers and 3D pens but probably can be used in increasingly innovative applications
[70]. This studywill focus on the use of 3D printing to improve the general awareness
of the subject. The utilization of 3Dprinting in science increasing laboratories rapidly
is a broad topic.

It can either design the product using a CAD/CAM program or use a 3d printer to
observe the model. This method should identify a design not only by external inputs
but also by the model itself. It is essential to provide the dimension of boundaries
in the layout. Developing these support structures will be included during this stage.
The design’s support appears necessary, but it will not be decided by the 45° angle
law [71]. When the model is being developed, it is appropriate to transform the
model object’s format into the ‘.STL files format’. This model utilizes diagrams and
other basic geometric shapes like circles or spheres as approximatemeasurements for
surfaces. 3D printing technology poses massive challenges in the form of designing,
manufacturing, etc.
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3.1 Engineering Challenges

To satisfy the increasing fixations that need more tools to correct and develop the
device and proper future training, the significant machine designers must fully under-
stand the advantages of 3D printing and exploit its increasing potential for innovation
[72]. Besides providing the necessary help in the unfiltered content, it is also desir-
able to create quality standards for the customizable materials to ensure product
consistency and reproducibility. It is also required to design modern techniques for
these technological innovations.

3.2 Designing Challenges

Designing for 3D printing technology itself becomes a challenge with the creation
of software professionals that provide the design concept to improve the use of 3D
printers [73]. To attain a consistent way of designing rules, it is essential to generate
a standard list of requirements. No existing design tools could effectively reach the
full potential of 3D. Therefore, it still demands a lot of work include topological
optimizations in the designing tools.

3.3 Requirement and Authentication Challenges

The sample analysis approach cannot be readily extended to 3D printing because it is
based on the finished product’s performance. To ensure a better quality of the printed
samples, a technique that can assess product quality through visual inspection and
digital imaging is required. Understanding designing and performing 3D printing
processes is critical to manufacturing quality products with minimal or no defects
such as cracks or porosity. In addition, the establishment of the appropriate defective
range of ultrasonic equipment has to be established under the design regulations.
Figure 10 represents the classification of 3D printing and challenges made by recent
trends.

These modern printing methods are now considered to be the most innovative
process in the industry. However, some issues still need to be tackled to achieve
the required benefits of additive manufacturing technology in terms of their poten-
tial. 3D printing technology was used to solve several problems, but they require
much research and development to implement in various fields. Additive manufac-
turing inclines to impact the future of design and production, thereby significantly
improving printing habits in the coming years. There are some significant obstacles
to 3D printing technology are listed below [74].
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Fig. 10 Classification of 3D printing technology

• To invent or produce new materials. This will allow researchers to verify the
mechanical and thermal properties of current materials and additive manufac-
turing technologies.

• To develop multi-material and multicolour systems and improving the automatic
processes in manufacturing.

• Postprocessing is needed to resolve the stair-stepping effect that occurs when the
finish is applied to successive layers of a multi-layer composite.

• Reduce extra support designed to manage the tendency.
• Improving the way of using additive manufacturing for cost and work rate.
• Thegeneral perception should not be that additivemanufacturing is exclusively for

design and development and not for the production of various elements and
products.

• Reduce the idea that additive processing is purely for rapid prototyping rather
than complex components and product creation.

• Engineers and designers with experience in the production of additives.

3.4 Deficiency of Standardization

The lack of consistency of equipment and low-quality goods are among the signif-
icant problems of 3D printing. As a primary concern, one of the main issues of 3D
printing isn’t enough specification of themachines; this can directly affect the quality
of products. There is a set of consistent standards among printers. Some printers must
not stand up well in consistency and performance against other printing technolo-
gies. Although they are apprehensive of 3D printing technology because they think
the drawbacks are too high. Regarding additive manufacturing, there is a drive to
enshrine a comprehensive industry level of quality and safety. In addition to additive
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manufacturing, there is an initiative to uphold an industry-wide quality and safety
group.

3.5 Expenses

Traditional manufacturing has been more efficient, accurate, and reliable through
multiple perspectives than it has ever been over the years. According to several
sources, 3D printing can increase the price. While operations are meet the high
production levels, the expensive still is too high. For example, metal printers essential
by big companies can easily cost tens of thousands of dollars. Hence, the method
is deliberate and pricey. 3D printing on a large scale in a short period is not even a
realistic idea in present times, between 5 and 40 cm/h [75].

3.6 Product Lifespan Problems

The possibility to print replacement parts on-demand improves quality assurances,
is more environmentally friendly, and saves money by not needing additional
storage.Many companies produce low-quality products and exchange their products,
resulting in low quality [76]. Unfortunately, many businesses depend on high-quality
goods and the widespread need for new, untested products. Also, 3D printing allows
consumers to generate a range of replacement parts.

3.7 Additive Manufacturing Impacts the Environment

The most widely used material by 3D printers is plastic resin. Although this plastic is
high quality and low cost to manufacture but the by-product excretes. Using plastic
for environmental problems undermines our ecological movement. Other problems
with plastic are its fuel efficiency. Research by Boston University found 3D printers
use 50–100 times more energy than rapid prototyping while producing the same
weight [77]. The laser additive manufacturing deposition machine uses hundreds
of times more power than a conventional engine. Also, desktop 3D printers may
release small-scale emissions of hazardous inorganic nanoparticles in air pollutants.
The significant side-effect of desktop 3D printers, which are widely accessible for
product design and tiny fabrication in home and office environments, releases toxic
nanoparticles into the air pollutants.
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3.8 Equipment and Product Costs Are High

According to a survey by Stratasys Direct, printer owners are most concerned about
the Printer price. Moreover, metal printers are involved as they require significant
capital investments. Similarly, the machinery remains costly, and not many factories
can afford it. 3D printing is regarded as mainstream manufacturing in the industry
[78]. The time it takes to produce an element with 3D printing is based on the
number of layers and the Printer’s intensity (which depends on the speed at which it
can extrude the raw material used). Old printers take days to print. Modern printers
use metallic powders to print in just 5–40 cm/h.

3.9 Quality Assurance Challenges

The additive manufacturing, injection molding, or casting method is well known.
3D printing is a new approach to producing components. The software has further
limitations not seen in conventional manufacturing, leading to variance in component
quality frombuild to create.Metal 3Dprinting is incredibly challenging. For example,
some of the defects particular to metal AM include trapped powder, microcracks,
and lack of fusion. One of the leading causes of uncertainty is chemical variation.
Essential tasks such as airplane parts or medical equipment involve a material with
the desired form and thickness. Additives induced by contamination or handling, or
the fuel source’s improper nature, may change the finished aspect’s characteristics
[79].

Standardized testing procedures and equipment must ensure the consistency of
the content. AM users collaborate with reliable laboratories or, unless they have
appropriate resources, can build in-house capabilities. Some other difficulty is that
3D printers are unable to maintain the processing parameters. The 3D printers can
use a closed-loop monitoring system to minimize potential component variance. A
3D printing system senses differences during the printing process and automatically
changes them to compensate for them. An integrated monitor and sensor allow users
to observe the project in real-time. Total control over the design process enables
coordinated geometric shapes, good surface finish, and mechanical characteristics
that maintain consistency. Closed-loop quality management for AM technologies is
still relatively new and represents a challenge to initiate by automakers. Primarily a
tiny percentage of 3D printers on the market are fitted with closed-loop electronic
components. Thus, the need for quick and accurate controls is becoming crucial in
this region. The intelligent systems we have today are only set to develop and expand
in the future. Measures are designed for manufacturing as they define the required
elements that will be achieved. All manufactured goods, machinery, equipment oper-
ators and technicians, distributors, and the production process need specifications and
qualifications to make parts with the necessary quality.
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3.9.1 Knowledge Gap in 3D Printing

If additive manufacturing is to become influential, it will take some time and
resources to train incoming and experienced engineers. Additive manufacturing
distorts inventing. Rapid prototyping designs can be printed by anyone, which
changes the importance of the material to its development. Unresolved Intellec-
tual property has necessary consequences on patent rights. People will have slightly
concerned about the security risks because layouts can be digitized. Weapons such
as firearms are quickly made available for mass production. It is not yet established
to be held accountable for the acts of a person who access weapons accessed for
unsanctioned applications [80].

4 Applications

3D printing technology continues to grow with the current research efforts on devel-
oping simpler and easier production processes. 3D printing technology will tend
to create as growing work to explore with their new methods and techniques in the
areas such as industrial manufacturing, robotics, consumer, military, automobile, and
aerospace industry. In the modern-day, 3D printers are widely used in various fields,
as represented in Table 1 [81]. Modern 3D printers are expensive to order and use
even for a large public. The prospects of designing with 3D printing are immense.
The 3D print is related to 3D printers and more recent 3D pens that also use 3D
printers. This study’s emphasis will be most preferably on 3D printing, widening the
awareness of the general audience. The growing popularity of research is a broad
subject. Hence, only its particular components, which can be associated with 3D
printing technology, will be mentioned.

The following aspects mainly characterize additive manufacturing technology:

• The development of innovative printing manufacturing technologies.
• The appearance of newer equipment would improve the speed of printing.

Table 1 Recent applications of 3D printing

Household Tables, containers, trays, holds as well as other household goods

Assorted Chemical industry Unique molecules and substances manufacture building models
of complex architectures

Pharmaceutical Industry Custom regenerative medicine augmentations
Laptops, injections and other special dosage form of physicians

Food Complex cakes, cookies, sweets, sandwiches as well as other
desserts design and 3D printing

Fashion Clothing for accessories, footwear and other garments

Surgical Peri-operative medical planning designs, dental equipment, and
barriers
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• To accomplish resolutions on a microscopic scale.

The 3D printer can manufacture materials like aerodynamically transparent glass
that can be printed entirely through inventive emulsion techniques. The printer used a
modified heat exchangemachine and a nozzle glass to inject shapes in a 3Dmanner by
CAD design. This process enables the fabrication of particles that closely resemble
conventionally produced glass. It is usually challenging to print metallic objects
because it depends on the hardness of the materials and recent applications of 3D
printing. Throughout this aspect, a new extrusion process for 3D printing of metallic
objects predicated on surface wire-feeding technique was implemented. This process
refers to the exploded waste disposal and provides a thermostat that can meet a
large metal wire nearby to manufacture a molten tub. There have been significant
developments in the field of digital printing in recent years:

• Wire laser treatment
• Additive manufacturing using wire arc welding
• Fabrication based on electron beam.

4.1 3D Printing Pens

The 3D pen is used to produce 3-dimensional objects. It is similar to 3D printing,
except that the printing process’s orientation is controlled by the user’s hand, rather
than the program pushing the compressor into momentum. Models can be designed
with no tools. Two fundamental forms of 3D pen function are available such as cold
and hot. The type of instrument and equipment used varies, depending on the type
of 3D pen. The methods used in SLA 3D printers are often used in cold form 3D
pens. Inks identical to polycarbonate or photosensitive resin are being used for this
sort of enclosure. When exposed to sunlight, the plastic immediately hardens [82].
The other FDM 3D printing technology is focused on the use of microprocessors.
A heated filament will be used for this sort of 3D printing. Determining the type
of 3D pen used will determine the flow rate usage. Once the filament is heated and
hardened, it can be forced out of the nozzle. Materials can be formed by instantly
cooling the substance as it is injected and solidifies.

4.2 3D Scanning

3D scanning technology is a technique to transform a real 3D object into a digital
representation of the object. If the scanned object could be improved in a program,
it can be printed in a further modified form. It is also used to build 3D models with
the desired structure and only change the existing models.
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4.3 3D Maps

Through the use of 3D printing technology, alternative methods of representing
research can be developed. Visual maps in three dimensions are useful for visually
disabled people, and these maps influence other senses. The design is more intuitive
and easier to understand compared to conventional paper charts.

4.3.1 The Popularization of the Technology of 3D Printing

In the specific situation of thewide acceptance of 3D printing, it may address additive
manufacturing technology. It includes mainly concentrating on enhancing the inno-
vation of 3D printing. Designers can use 3D printing technology to spread science
among the citizens. The usability of 3Dprintingwas assisted byMacDonald [83]. The
latest widespread availability was 3D printing in Marker Fairs or Fab Labs (digital
manufacture test centres).

4.3.2 Possibilities in the Use of 3D Printers and 3D Pens

It has been using 3D printing for a long time. The 3D printers were expected to move
the mass production towards personalized segmentation. 3D printers are mainly used
in the industry for prototype printing. 3D printing is being used in many industries,
including aircraft, industrial, gold jewellery, coin, architectural design, fashion and
clothing, marine and coastal, biomedical and microbiology, etc. 3D printing modern
technology is often used in less anticipated domains such as food culture, where
important aspects can be printed, for example, sugary culinary delights.

4.4 Mathematics

An indication of the value of wide acceptance is the use of learning strategies. The
possibility of designing highly specialized aids depends on a relevant field. Concepts
that are almost impossible to conceive can be made more apparent with 3D printed
courses. Visualizing Mathematics with 3D Printing explains the capability of under-
standing 3D subjects effectively. Creating patterns backward in three dimensions
helps us see things in four aspects.
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4.5 TED Talks

The researcher was able to fabricate biological materials with the aid of 3D printers
and make more presentations of his work through TED talks. The whole function
is growing popularity of additive manufacturing for biomedicine due to scientists
developing body cells and transmitting their experiments and findings on a very
well-known and respected forum.

4.6 Use of 3D Printers in Various Institutions

The everyday use of 3D printers in colleges, libraries, and even classrooms can make
3D printers effectively approachable and started using them significantly. For the
classroom discussion, 3D printing can help to encourage the topic. Also, incorpora-
tion into the class can increase the subject’s popularity. Multiple ideas were given to
the board on 3D printing in schools by Ratheesh et al. [84]. 3D printers can expand
vocabulary, analyse poetry, recognize prefixes and suffixes, assess sources, develop
visual models, and create book covers. Alternatively, it can be used as a teaching
aid for 3D printers. This is a tool for studying mathematics where the graduates can
use 3D modelling pens to understand quantities and arithmetic functions. An indica-
tion of using 3D pens interaction is creating mathematical dynamics in 3D. Table 2
represents the usage and observation of different investigations on 3D printing tech-
nology. Advances in technology are the leading force behind 3D printing technology.
The primary applications of 3D printing are in engineering and particularly in major
companies. It became more generous when it comes to its wide use in different
technological circumstances. The biomedical field will be listed by technological
innovations where 3D printers could be useful (printing prosthetics, bioprinting of
tissues).

5 Future Outlook on Additive Manufacturing (AM)

The future of polymeric-based nanocomposite AM is substantial with the forever
increasing demands of the industries. They are permanently enhancing technolo-
gies, modern class of researcher frantic and industrials enthusiasts unhindered to the
subtractive processing techniques. The fusion of novel competencies coupled with
artistic human resources determined to seek pioneering technologies and designswill
endure unknown product categories. From the existent literature available, three to
four types have been identified for shaping out how polymeric nanocomposite AM
will advance further.
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Table 2 Observations on 3D printing technology by previous investigators

Investigator’s Observation

Shahrubudin et al. [85] It states that 3D printing is an efficient and environment-friendly
technology. The additive manufacturing approach includes 3D
printing, suggesting the conversion of the substance is appropriate

Liu et al. [86] Three-dimensional printing (3DP) is an advanced layer-by-layer
manufacturing technology that enables the fabrication of objects with
hierarchically complex architectures from virtual computer models.
3DP is globally recognized as one of the most promising and leading
manufacturing technologies, owing to its numerous advantages, such
as operational simplicity of 3DP equipment, direct and single-step
fabrication, adjustable design of objects, and reduced waste and
production time

Shah et al. [87] Concluded that, unlike traditional manufacturing methods such as
lithography or molding, 3DP enables greater freedom of fabrication
with outstanding control over the architecture of objects. To meet these
demands, the number of 3D-printable materials has drastically
increased over the past years. Additionally, this on-demand technology
reduces the amount of chemical waste, streamlines production times,
and simplifies the manufacturing process by eliminating the need for
complicated masks or molds that are design-specific and non-reusable

Yampolskiy et al. [88] The latest technological advances rapidly and 3D printing is now
among the more efficient. The use of 3D printing was primarily linked
to mechanical design and also to large companies. While it has finally
become trendy in recent years, due to its relevance to a variety of
contemporary innovations

5.1 Novel Methods to Overwhelm AM Limitations

Despite the numerous benefits rendered by several AM techniques, there exist
few limitations. In contrast to the AM synthesized components flaunts superior
anisotropic mechanical traits with lesser processing times and ease fabrication
routes compared to the elements synthesized through conventional processing tech-
niques. Nanocomposite materials have the tendencies to overcome the several flaws
incurred through the non-AM synthesized isotropic elements. The incorporation of
nanofillers enables lower viscositieswith non-existent dispersion of light. Nanofillers
such as carbon nanotubes incorporated into the core matrix increase the interfacial
bonding amongst matrix and reinforcements material system. The incorporation of
the nanofiller materials has proved efficient in overcoming several interfacial defects
arising in layer-wise deposition through AM.
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5.2 Improvement of AM Quality

Till today the incorporation of nanofiller materials mainly concentrated on enhancing
the 3D printed components. Nevertheless, the current chapter has indicated that
nanocomposites’ incorporation firmly influences the physical phenomena governing
the AM techniques. The near future studies will mainly emphasize phenomena
where the duo, i.e., the synthesizing technique and the ultimate 3D printed struc-
ture characteristics, are advantageous. The earlier stated statement is made evident
with the following example, the resolution of the 3D printed polymeric material
is firmly affected by the type of nanofiller incorporated. The surface morphology
of the printed components can enhance by incorporating fine and thinner layers
and enabling novel post-treatment techniques. The incorporation of nanofillers will
render faster processing speeds through improved light absorption. The reduction of
shrinkage induced distortions from the micro-nano scale will lessen the processing
time, thereby minimizing the thermal and residual stresses.

5.3 Inherent Sophistication

The existent industrial period is coined as industry 4.0, indicating superior inter-
connection, secured data collection, ultimate privacy, and centralized, fully partial
autonomous decision making during the product design, fabrication, and customer-
oriented services (Internet ofThings). Initially, the Internet of things solely is intended
for industrial environments, slowly starting to pave the way into customer-related
deployments. Polymeric-based nanomaterials have already shown their dominance
in the marine, aerospace, automobile, sensors, data collection-transmission, biomed-
ical industries. The subsequent phase will be the ability to metamorphosis the entire
AM sector. Several unauthorized, illegally 3D printed components cause a severe
menace to the world governments and industries. Research enthusiasts are vigor-
ously working on how to successfully incorporate markers, trackers, into the AM
components to regulate the pirated printing of unauthorized components.

5.4 Sustained Industry

The emerging realization of the world governments and public regarding a cleaner
and safer manufacturing environment has influenced and initiated several novel AM
techniques. Upon several research advancements in AM techniques have enhanced
the lifespan of the additively fabricated components in contrast to traditionally
synthesized elements. The incorporation of some specialized bio-based polymeric
nanocomposites has altered the inherent lifespan by itself, enables the reuse of the 3D
printed structures. The addition of a newclass of nanofiller and stabilizers has flaunted
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novel tendencies to minimize several reactive formulations initiated to polymeriza-
tion techniques, thereby enhancing the contaminant resistance and increasing the
storage life for a couple of years decreased loss of functional material. Incorporating
the novel group nanomaterials flaunts lighter materials with enhanced mechanical
traits, minimized energy exhaustion with lower parasitic mass, and reduced material
usage.

6 Conclusion

• The wider populace is now more known than ever about contemporary tech-
nologies leading in 3D printing. Even the quality of life could even benefit from
understanding modern technologies.

• 3D printer becomes less affordable and easier to use.
• By using 3D printers, users can customize familiar objects in more detail. 3D

printers will also urge innovation since creativity can be changed into actual
objects.

• This chapter focuses primarily on the use of 3D printing as well as applications.
Much specific, it means proposing several ways to innovate and educate children
in modern 3D printing technology.

• Additive manufacturing technology were addressed thoroughly, so it certainly
would not refuse to seek to explore brand-new ideas directly. Moreover, this will
serve as a guiding factor in a potential selection that might require the skills in
3D printing.

• 3D printing seems to be an invention that is rapidly developing and feasible
for everyday use. Additive manufacturing technology is the future of more
environmental options for mass-produced products.

6.1 Future Scope

Additional manufacturing is a crucial supply chain management system, which is
helping the army to prepare for the battle. 3Dprinting is still developing; it is relatively
unlimited in its practical use. This modern technology will reach our creativity, from
artworks, toys, whole houses, and even transplantable organs. 3D printing is showing
assurance in regards to stopping scams crazes like point-of-sale systems as well as
ATMs. 3D printers have been increasing, and non-tech resources are also acceptable
today. The automotive industry uses it efficiently for modelling new vehicle models.
The shift to a much more adaptable and tailored offering from a wide range of one-
size-fits remedies was a crucial step in the recent 3D printing. In the future, it would
have an enormous impact on medications and automobile sectors.
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Additive Manufacturing of Composites
for Biomedical Implants

R. Sundaramoorthy and S. R. Raja Balayanan

Abstract Additive manufacturing (or 3D printing) has been widely used in a variety
of industries, including medical implantation. By utilizing digital technology, we are
able to create a personalized implant that can represent an anticipated design and
surface finish, form, as well as the necessary power it will require. Because research
in this field is still in its early stages, fused deposition modeling (FDM) faces several
challenges, and there are current limitations in terms of the finish and specifications
required for implantmanufacturing.Avariety ofAMmethods described in this article
are explained here, as are their applications in the field of biomedical implants. In
addition to examining recent technologies and future directions for producing more
accurate and durable biomedical implants, important new avenues of investigation
are opened.

Keywords Additive manufacturing ·Methods and technologies · Applications ·
Benefits · 3D printing medical devices in dentistry · Applications for AM ·
Materials used by 3D printers

1 Introduction

Theuse of additivemanufacturing technologieswill accelerate the biomedical revolu-
tion. Polymeric materials are especially appealing to biomedical researchers because
they can be used to broaden a wide range of biotechnological applications.

Because the processes use light to print solid items, additive manufacturing (AM),
one of the best developments in modern technology, produces quickly.
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While it is far from ideal, the transition from analog to digital systems has enabled
another technological advancement. Connectivity, imaging, architecture, and engi-
neering appear to be in the midst of a technological revolution, similar to other
areas that have seen significant advancements. As of now, additive manufacturing
(AM) can provide a variety of manufacturing process configurations such as digital
versatility [1].

Additive manufacturing, also known as “3D printing,” employs computer-aided-
design (CAD) data software or 3-dimensional material scanners to guide hardware
through complex geometric shapes, depositing materials layer upon layer. As the
name implies, rather than introducing material, a product is steadily developed over
time. When it comes to traditional versus 3D printing construction, one must still be
prepared to grind, mill, machinate, carve, or mould any item(s).

Although the terms “3D printing” and “rapid prototyping” are used interchange-
ably to refer to additive manufacturing, each is a subset of additive manufac-
turing. Similar systems have existed for many years, and many people have been
aware of the phenomenon for a long time. Additive manufacturing (AM) is more
efficient than machined methods, allows for the creation of custom geometries
with moderate degrees of accuracy, and thus enables effective manufacturing (and
therefore decreased buying costs compared to machining methods). As a result,
technology-supporting strategies would benefit everyone [2].

2 How Does Additive Manufacturing Work?

Additive manufacturing is a method that allows 3D printers to use specific materials
to create 3D objects layer by layer that combine when they are cooled or heated. The
rules that govern 3D printing are comprised of knowledge that enables printers to
selectively melt/partially melt a pool of powdered material to create ultra-thin layers
that connect to form three-dimensional objects [3]. The 3D printer uses a computer-
aided design (CAD) program to manufacture items layer by layer, where software is
used to extract details that allow the printer to selectively control the directions of the
print head to selectively deposit the three-dimensional object onto the intermediate
layer.

3 What Exactly is Additive Manufacturing?

GE Additive specializes in metal part production as part of the Powder Bed Fusing
Fabrication (PBF) process. Within their PBF community, General Electric (GE)
offers three processes: DirectMetal LaserMelting (DMLM), Electron BeamMelting
(EBM), and Binder Jetting.

Additive manufacturing (AM), also known as 3-D printing or 3D printing, entails
the layering of metal powder and the use of specialized lasers or electron beams to
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weld powder together to form a part. Before the entire piece is created, it works its
way through the metal. Post-production will break down the concrete used in the
building for the next building and recycle it for the next plant [4].

4 Methods of Additive Manufacturing (AM)

There are several types of additive manufacturing techniques.
Powder bed fusion (PBF) refers to a class of additive-free processing methods

used in 3D printing, including direct metal laser sintering (DMLS), selective laser
sintering (SLS), selective heat sintering (SHS), and electron beam melting (EBM)
(DMLM). These instruments use lasers, electron beams, or thermal print heads to
melt or partially melt ultra-fine content layers in a three-dimensional vacuum. When
the powder is blasted off the object, one process comes to a halt and another one and
a half inch thick phase begins.

Constructs are assembled with a liquid binder spread over a powdered material
that is sprayed and trapped on the non-leveled print head by a hot steam jet, resulting
in a coated build framework.

The directed energy deposition (DED) process is similar to material extrusion, but
it can use products with a broader range of components such as polymers, ceramics,
and metals. The material is melted, so the melted material is fed into the machine
via a wire or filament, and the melted material is then used to shape a part.

Extruding a material into a conduit is an additive manufacturing method used
in older electronic printers (content extrusion). Preferred or essentially enveloped
products are extruded when a heated nozzle is mounted on a movable arm or drawn
across it. The nozzle moves horizontally as the bed moves up and down in vacuum,
allowing a sheet of molten material to be covered. Temperature control or adhesion
agents assisting the self-lubrication phase would be used to achieve a proper bond
between the individual layers [5].

A print head on a moving component jets this material, tracing a 2D path on the
page. However, because it is normally three-dimensional, it rotates on other axes to
produce three-dimensional objects. Layers harden in specific places as they cool or
are cured by ultraviolet rays.

Laminated artifacts are made using two-layer lamination methods such as LOM
and ultrasonic additive manufacturing (UAM). LOM and UAM use different mate-
rials and adhesive layers,whereas the paper used inLOMis thin sheets joined together
by ultrasonic welding [6]. If you need a good 3D modeler for any modeling task,
LOM is the tool to use. Heating of the substance occurs with a smaller volume of
energy than in traditional processing or with heavy energy in Argon-Mediated Metal
Melting (AMM).

A substance object is created by photo polymerization in a photopolymer liquid
resin vat during the “bio-emulsion of polymers” process. A photo polymerization
process is analogous to being able to “paint” an optical ink containing a plastic film
on top of the device’s super capacitor.
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5 Additive Manufacturing Technologies

5.1 Sintering

Sintering is the process of creating a sintered item, such as a piece of jewelry. This
is similar to normal 2D photocopying in that the toner (ink) is selectively melted on
paper (where the toner is selectively dissolved in the paper).

5.2 Sintering Direct Metal Lasers (DMLS)

A high energy laser must be used in an injection molding (IM) process to heat the
metal powder to the point where particles attach together. To create an exact copy,
high-resolution surface-structured artifacts and a computer with appropriate surface-
features and mechanical features are required [7]. SLS particles are linked together
using a thermo-plastic particle method that heats up and mixes the particles.

5.3 Direct Metal Laser Melting (DMLM) and Electron Beam
Melting (EBM)

Chemicals are fully liquid in these DMLM and EBM techniques, melting completely
within a specific time frame. DMLM recreates a procedure that requires the use
of high intensity laser beams to melt the metal powder, whereas EBM melts the
metal powder with a high-powered electron beam. Both traditional and modern
manufacturing technologies can be used in this method.

5.4 Stereo Lithographing (SLA)

A photo polymerization technique is used to fabricate SLA-based ceramics. A UV
laser is randomly fired into a tiny rubber-like material that is part of the system by
the machine. These UV-curable resins can be used to create parts that are torque
resistant and can withstand high temperatures.
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5.5 Additive Manufacturing Materials

There are a variety of materials that can be used to create 3D printed objects. AM
is a part of a company that manufactures and creates a variety of sweet snacks. It is
constantly looking for new ways to improve medical equipment for military use [8].

5.6 Thermoplasty

Selective laser sintering (SLS), which is used in 3D printers, is a type of addi-
tive manufacturing. While there are ongoing concerns about the benefits of ABS
(Styrene), PLA (Polylactic Acid), and PC (Polycarbonate), there are also bene-
fits associated with all three products. Typically, water-soluble polyvinyl alcohol
(PVA) is used to create temporary structures that last only a short time before being
dissolved.

5.7 Metals

Many metals may be used in additive layer production to influence our society’s
future. Aluminum siding and metal containers, for example, contain a variety of
metals. A variety of metals are used in a variety of green energy applications.

5.8 In Ceramics

Alumina, zirconia, and tricalcium phosphate are among the materials used to create
end products that differ from standard cast-resin points. Transform our powdered
glass and glue into layers to create various styles of glass products. Bake them all at
the same time.

5.9 Biochemical Goods

Graphene is used in healthcare applications to achieve fine chirality in biomedical
applications. Calcium phosphate is created by reacting calcium ions. Zinc-reinforced
arteries and joints allow for greater blood flow. In addition to using stem cells to
process bio-inks, researchers are looking into the use of bio-inks in other industries
such as blood vessels and bladders.
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6 Additive Manufacturing Applications

6.1 Aeronautics

Despite the fact that the AM excels in the development of parts of weight and diffi-
culty. Because of thismethod, it is also the bestway to produce light, strong aerospace
materials.

NASA successfully tested an SLM-printed rocket injector during a “hot fire” drill
inAugust 2013. Thismeans that the SLM-printablematerial will successfully print in
extremely hot fires, resulting in the desired result. In 2015, it was the first 3D-printed
part to be licensed by the FAA for use in a commercial jet engine. The CFM LEAP
motor is made up of 19 pieces that are 3D printed together. According to Aviation
Week, FAA-certified structural parts for the Boeing 787 (referring variety) made of
titanium wire were seen at the 2017 Paris Air Show.

6.2 Automotive Field

Racing teams are using new technology to design and manufacture parts that can be
quickly printed. Both time and resources are saved as a result. Instead of waiting five
weeks for a wing patch, it only took 10 days. The team created over 50 different parts
using additive manufacturing to create a variety of previously unseen parts [9]. AM
rapid prototyping technology stands out in this field due to its ability to fabricate parts
from steel and plastic sheets. Its significance in the automotive industry should not
be underestimated. To begin with, aluminum alloys are used to manufacture exhaust
pipes and other internal combustion engine components. Polymers are also used to
make bumpers at the same time.

6.3 Healthcare Care

A clinical study with 300 patients will be conducted to determine the type of kidney
cancer that is better treated by colorectal cancer, and additive manufacturing will be
used to produce patient-specific kidney cancer shades, which will then be evaluated
using 3D printing. The study can benefit from investigating what types of templates
should be used during pre-operative hours, as well as after the doctors have stopped
and given advice.

E. R. Stryker, the world’s largest medical device manufacturer, is funding a
research project in Australia that will use additive manufacturing technologies to
create personalized, on-demand 3D manufactured surgical implants for bone cancer
patients [10].
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In general, the use of additive manufacturing (AM) in healthcare is growing,
particularly as the safety and effectiveness of AM-built medical devices is improved.
Surgical devices and implants are two examples of AM applications in healthcare.
Furthermore, scientists working in the field of synthetic biology are attempting to
create one-of-a-kind synthetic organs.

6.4 Developing Goods

The agreement’s fine print describes how new technologies will change the way we
design and categorize lots, inventories, and automated libraries. Artists’ creativity
is unleashed during this phase, and they are able to work outside of the constraints
imposed by their previous abilities.

7 Additive Manufacturing Benefits

Additive manufacturing enables the production of smaller, more advanced compo-
nents thatwould be too difficult, expensive, or destructive to produce using traditional
casting, molding, milling, or machining methods.

AM is also a great way to create a quick prototype. Because there are no inter-
mediary steps in the digital-to-digital transition, minor shifts can be detected on the
fly. In contrast to the much less complex general approach of most other prototyping
software, AM is a more specific method of prototyping.

When an additive procedure is used for prototyping or assembly, the time to
completion is frequently reduced. Some of the components’ shipping times have been
reduced, so the pieces are already arriving sooner. Regular products are frequently
manufactured as a single modular package, with all spare parts that once comprised
a complex piece of equipment discarded.

Engineers have long sought to reduce weight in order to maximize the volume
of electricity transferred when building everything from bridges to skyscrapers. In
the near future, we will recognize the use of additive manufacturing to build houses
with more environmentally friendly and organically structured components. Other
evidence that lightweight brackets can be as strong as heavy brackets include the
fact that it weighs nearly 84% less than the original GE bracket and that the ADAPT
CAD Light Weight Bench Top can withstand such effects [11].

7.1 The Complex Geometry

Engineers will use this technology to create complex components, unlike in the
past. A device that enables the use of a thermal architecture can be integrated with
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Fig. 1 Complex geometry

the cooling passages. In the old process, components were assembled and welded
together. Parts can now be made from a single piece rather than being manufactured.
The builder is not constrained by the constraints of traditional equipment and has the
potential to create parts with increased construction versatility (Fig. 1).

7.2 Time Saving

Additive manufacturing is useful for creating prototype-type devices. Because three-
dimensional CAD files are explicitly programmable, they can be used to guide/guide
pieces. Changes are made in a continuous, near-real-time fashion, with little to no
pause (Fig. 2).

7.3 Weight Savings

Chemical processes, on the other hand, have been incorporated into the architecture of
the aerospace industry to reduceweightwhilemaintaining strength and ductility. (See
the Grab CADChallenge.) GE’s competitive advantage in the Grab CADChallenge.
In terms of manufacturing capability, an existing bracket was improved. As a result
of these findings, the weight of the sample participants was reduced by 84% (Fig. 3).
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Fig. 2 Timesaving

Fig. 3 Weight saving

8 The Role of Additives in Transforming Dental
Implantology

Dental care has been one of the first healthcare organizations to adopt AM technolo-
gies due to the innovative in-office dental therapy services that are available (Fig. 4).
At the moment, silicone and wax-based alloys are used to print molds for dental
implants, and acrylics are used in some cases for direct-printing teeth or jaw braces,
prosthetics, and custom dental prosthetics used for a variety of purposes. Orthodon-
tics can now produce millions of personalized aligners per year thanks to SLA-based
manufacturing. A wide range of printers and materials for use in the dental industry
have been developed and are still being made available.

Prof. Dr. Mario Kern, a leading oral implantologist, researcher, and inventor, is
launching a modern and revised edition of his Extended Anatomic Network at the
2019 IDS show, with extra ports and an advanced geometric architecture for a more
relaxed approach and more realistic operation.
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Fig. 4 In dentistry, applications for AM [12]

Despite the fact that the companies General Electric and Additive used a dental
hybrid approach, his solution was able to revolutionize dental implant prosthetics
and allowed Prof. Dr. Kern to pursue a cure for a number of other diseases.

The initial goal of these implants was to function as a chewing tooth replacement;
however, the focus shifted to more biological and cosmetic characteristics, to be as
close to nature as possible and to look as much like natural teeth as possible.

The long-term stability, predictability, and aesthetic attractiveness of the dental
abutment, the connecting link between the implant and the restoration, have become
more important as the dental reconstruction process has improved (Fig. 5).

Asmore people have their dental enamel removed by implants, we are seeingmore
cases of peri-implantitis. When the gum and bone framework are used to support a
dental implant, the loose tissue around the implant recedes. This allows the implant’s
concrete abutment to be seen. When it comes to the infection of a prosthetic limb,
many factors, such as the health of the soft tissue or the design and roughness of the
implant, are dependent on the cause of the infection.

A dental technician or a mechanic can now correct the error by scraping a piece
of ceramic onto the spot where the metal is visible, using the arch tips that are
now available. While the ceramic can easily fall apart, this is not appealing to an
aesthetically challenged person or a permanent patch.
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Fig. 5 Dental hybrid
solution [12]

9 A Modern Solution to an Age-Old Problem

This professor developed his ownpatented solution, theExtendedAnatomic Platform
(EAP), which affects both biological and aesthetic dimensions while also providing
a modern and futuristic architecture to address this peri-implantitis-related problem.

The project required 5000 h of work, more than 200 tests were set up, and
more than 160 photographs were taken, allowing scientists to legally validate how
cigarettes alter cell color inside our brains and develop a remedy that can be patented
and is now sold in several countries.

Dr. Kern’s current solution is to virtually create a reservoir-like section behind
the teeth, which settles the front of the tooth into a new bowl-like form, resulting in
a completely smooth surface that recovers. Dentists can now quickly break through
the metal with gingiva recession to reveal the ceramic at the decayed gum’s tip.

The EAP hybrid abutment is more biocompatible, making it easier to conform to
the bone while promoting implant length and power, exciting cosmetic appeal, and
essentially alterable, with clinical established and sound clinical evidence.

Many people prefer EAP implants over traditional titanium implants because they
are more exquisite and aesthetically pleasing. The ceramic abutment is rendered
completely only with selected cohesive substances (for the interchangeable optical
control tube), and further modifications are also possible, as the joint adhesive of the
installed portion may be rapidly coronal fractured.

This E-liquid does a much better job of reducing the cytotoxic effect of the glue
joint. A viable engineering mechanism is the concept of using a larger surface to
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bind cells. It has the same confidence factors as well as cell attachment efficiency,
“a physiological measure to establish biologic width”, “ridiculous”, “physiological
measurement”, and “biologic width” all at the same time. Previously, if the glue joint
disrupted cell attachment, the hemi desmosomes could also reform. Because the cell
is unable to form contacts with smooth surfaces, it has come to a halt. The roughness
of new gear abutments up to 0.5 m on average promotes the development of early
cancer cells (EAP).

The traditional, manual method of reconstruction is still available, but the use
of CAD/CAM tools has been adopted as a safer solution by these industry experts.
The technology allows implants to be made in a single piece, either fully ceramic
or in a PFM shape. Superstructures, such as commercially available systems, will
improve dental practices. This is advantageous for dentists and dental technicians
because it can protect routine operations while also ensuring a positive impact on
patients’ long-term health and safety. The design is both appealing and novel in terms
of artistic value, and it also eliminates the issue of residual glue. Cyavana is the only
hybrid adhesive foundation that is incompatible with any other product.

10 Integrative Additive Manufacturing

Dr. Kern began researching additive manufacturing in 2017 and chose GE Additive
because they have a Cusing 200R fixturing and software follows the hyper DENT to
build and bring together parts that work easily together from polypropylene, resulting
in reasonably easy constructs that do not require drilling.

Furthermore, medical privacy is essential for anyone to feel secure with (even
those on the internet), and it’s preferable to use word labeling to facilitate conversion,
which is ideal for anyone who is unfamiliar with proper English. Another reason to
use this is that Dr. Kern’s team can manufacture the brackets in the United States
and 3D print them in North Carolina, which will help increase jobs in local areas,
particularly in low-income countries.

• By using an extraction stage rather than just milling, a minor reduction in content,
approximately 85% reduction in substance, and unmelted powder growth are
recycled.

• Particles with 5% pre-treatment aren’t even that dangerous.
• The additive has a lower density for an average 99.6% finished component, and a

cast section performed under the same conditions as the former has a comparable
and economically fair yield.

When it comes to additive methods, a single software solution handles both the
additive manufacturing printing system and the milling procedure. The Follow-Me
platform is an open, completely advanced, scalable architecture that understands
nested parts, automatically generates ID tags, and is focused on a milling mechanism
(generates machining allowance).
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The dental hybrid approach enables the creation of a dental abutment in a cost-
effective and precise manner. In general, GE Additive is the best partner for my
company because of its extensive dental expertise and technical solutions. This
method combines the benefits of additive manufacturing (AM) with subtractive
technology (subtractive manufacturing) to create the best of both worlds in one,
eliminating the need to choose between AM and a slower, less cost-effective process.

11 3D Printing of Medical Devices

Additive printing is a fast way to print 3D objects. There are numerous production
processes, many of which can vary throughout, such as powder and broad metal
pieces.We use the term 3Dprinting on purpose becausewe are referring to a potential
technology.

Three-dimensional printing (3DP) is a method of producing a concrete object by
layering materials using a three-dimensional additive manufacturing system. Several
layers of printing are applied to the product until it is finished. The objectsweobtained
were created through an innovation process in which a digital file, such as a CAD
drawing or a magnetic resonance image, was developed by a machine in a CAD-type
program (MRI).

The ability of 3D printing in production allows for rapid changes that do not neces-
sitate the use of the same equipment as traditional manufacturing methods. It enables
vendors to create products that are designed to accommodate the unique characteris-
tics of various patients. It enables vendors to build products that are complex enough
in internal processes to be tailored to each customer’s specific needs. Because of the
advancement of 3-D printing technology and its application in a variety of industries,
these machines are also used to print products and serve as a convenience (Fig. 6).

Fig. 6 3D printed brain,
blood vessel, surgical
guidance (left to right, top)
and medallion models
printed on FDA 3D printers
(bottom) [13]
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The use of 3D printing technology in the development of medical products allows
components to be placed in the most extreme motions imaginable, such as ortho-
pedic implants and crania replacements, surgical instruments, dental restorations,
and external prosthetics.

3D printers are used to create a wide range of medical devices, including those
with complex geometry or features that match the specific anatomy of a patient.

A commodity can be duplicated to become several separate devices, or it can have
many exact replicas of what was originally manufactured. Specialized machines are
configured to provide care for other patients based on the imaging results from a
specific patient.

The 3D versions available to specialists range from implants to other products.

• The method of instrumentation. (For example, guides to aid in the proper surgical
placement of a device)

• Replacement joints (for example, one or four cranial) and robotic limbs (for
example, hip joints)

• External prosthetics are artificial limbs that are worn on the outside of the body
(e.g., hands).

Scientists are investigating ways to use 3D printing to construct living organs such
as the heart or liver, but this work is still in its early stages.

One of the various applications of the technology could be to 3-Dprint the concept.
Decisions on technological usage would undoubtedly be influenced by levels of
convenience, desire to use the device, personal happiness, and the effectiveness with
which the final product will be used. The powder bed fusion process is the most
commonly used technique for 3D printing inmedical devices. Dust bed fusion is used
in a variety of treatments and involves several different products, such as titanium
and nylon that are used in surgical devices (Fig. 7).

The powder bed fusion phase creates a three-dimensional object by pouring very
fine metal or plastic powder from a jar onto a platform that is precisely printed.

Fig. 7 Powder bed fusion
printer from the FDA [13]
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After that, an X-ray or particle CROWN beam travels over the powder layer, melting
any particles that come into contact with it. The molten substance solidifies after
becoming integrated with the coating beneath it and the powder surrounding it.
When the platform has reached the required depth and there is enough space beneath
it, it is moved down and one more layer of precisely leveled powder is applied to the
platform at the desired depth.

The FDA has a large number of 3D printers that allow us to better understand
3D printing of medical devices and how they help us track medical devices that are
produced in order to maintain public health. The FDA is thought to provide printers
that use various printing technologies, such as inkjet and powder bed fusion, to figure
out what makes medical device parts and functions “important and fundamental to
the technological performance of medical devices.”

12 Patient-Specific Systems

Though 3D printers are frequently used to create exact replicas of the same object,
they can also be used to create items that are unique to a single patient. The devices
are built specifically for that patient based on the requirements of the case and the
patient’s diagnosis. They could concentrate on a template model of delivering a
picture that is similar to that of the patient and then using that as the contact model.
Patients who are related to the one we are seeing can be paired by using anatomical
data to move them to another patient group.

For FDA approval of 3D printed medical products, the procedure is similar to that
of traditional medical instruments, with the FDA following the manufacturer’s safety
and effectiveness evidences, and the FDA is free to submit certain types of testing
that they deem appropriate. Whereas standard sized medical devices are typically
available in distinct sizes, patient-matched devices can be manufactured with pre-
definedminimum andmaximum specifications in a variety of ways that we can use to
evaluate these devices in the same way that standard sized medical devices are. Such
parameters may include, for example, a minimum and maximum wall thickness or
an appropriate curve for the unit in question, which will aid in the performance of
the product in question.

That is the federal law that requires somemedical devices to be manufactured and
delivered without being inspected by the FDA. Personal use products (e.g., the unit
held in the patient’s pocket) that do not have strict quality requirements are included
in the term “e-cigarettes.”
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13 3D Printing of Medical Equipment

Many steps are required to print a 3D device. The number of phases that the timer
goes through is determined by a variety of factors, including the complexity of the
system.

The following steps must be taken in order to carry out this procedure:

Device Architecture: Visual models (computational models) are created using
pre-programmed sizes to fit a patient’s anatomy. The digit models are then
validated to ensure that the model is correct.
Workflow of Software: A formula for the construction of a house is sent to the
printer, who frequently prints the instructions for the structure’s construction. This
file contains printer information, such as the platform, printer, help data, and the
extensive print specs, which include the player card print spec, the card prototype
print spec, and the document print specs. If you decide to determine what type
of material you intend to use and what style of design you intend to do, then yes,
you will need to develop some concrete strategies to ensure that everything runs
smoothly and everyone is happy.
Material controls: 3D printing, like other development methods, necessitates
high-quality products that meet consistent criteria in order to produce reliable,
high-quality objects. To accomplish this, procedures, requirements, and agree-
ments are established between suppliers, users, consumers, and end-users of the
goods, known as material controls, which must be inspected with each batch of
material.
Print: So, in order to build the object, you must first consider the principles
contained within the file.
Post-Processing: The printed job will be post-processed, such as printing at a
different speed, another ISO stage, or even laminating after printing. To remove
unwanted residue, a thorough cleaning will be required, as well as additional steps
such as washing, cooling, digging, chopping, and polishing.
Process Validation and Verification:Certain parts of the machine or component
may be manually inspected after they are produced to ensure that they work
properly and meet specifications when the device is set up. In general, functions
that can be checked quickly and non-destructively are preferable to those that
cannot. For products that cannot be objectively tested, the manufacturer (e.g., the
manufacturer of a power-operated system) can check the quality of its procedures
(e.g., the manufacturer of a power-operated device can verify the measurement
of its motors and the programming of its controllers) prior to the production of
the object. Process validation ensures that manufacturing processes will produce
products that meet requirements as long as the necessary processing parameters
are monitored and tracked by certain and regulated entities.
Testing: Repurposing previously suspended products and testing of changed
devices that are not strictly in compliance with the manufacturing process used
with the initial device are just as important as testing a new system. The approach
type would be used after passing through a series of measures dealing with how
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Fig. 8 3D printing manufacturing process flowchart

products move through the clearance phase, federal instruction guides, uniform
requirements, and evaluations of organizational procedures. In relation to 3D
printing, 3D printer items are subject to the same regulatory requirements as the
most commonly produced medical devices (Fig. 8).

14 3D Printed Devices’ Materials

Typically, the FDA clears or recognizes finishedmedical items, rather than individual
goods for general industrial consumption of medical devices, but components for the
production of 3D printing equipment. Acceptance of titanium spinal implants is one
indicator of this, but the FDA does not allow all of these instruments to be cleared
for general use unless they have been proven to be both secure and successful.
When determining the dose of medicine, the FDA considers both the differences in
efficiency and the harm that previous groupings may have suffered. Children are one
of the most horrifying past groupings; thus, there is stringent law surrounding this
age group.

More specifically, the FDA assesses the content and determines whether the
proposed application of the technology and its technological aspects (including the
materials) are reasonably safe and effective or substantially equivalent to the safety
and effectiveness of the lawfully marketed device as part of the finished product
and its expected use. Because these specialized electronic cigarettes are consid-
ered specialized products, the FDA grants individual goods special clearance(s) for
specific intended purposes. If the approval and consent are only for the use of specific
products in e-cigarettes, they cannot be included in other products.

The shape of a Trident implant is quite malleable. This provides surgeons with a
flat surface to develop tissue on.

Titanium, a very pure type of titanium, is used to make the hemispherical Trident,
Tritanium, and Acetabular Unit Shells. The Trident Tritanium shell’s various designs
were created to work together. The Trident Acetabular system completes its perfor-
mance and locks into place. The shells are available in 48 and 80 mm sizes, with
alumina ceramic, crossfire, or X3 Polyethylene as a substitute.

Trident alumina ceramic inserts gain fixation tapers by mating inside the insert
casing. Because of the interlocking of the anti-rotation barbs on the shell and the
scallops on the insert, the components can fit into a balanced location. For stability,
the alumina in Stryker’s trident or ceramic implants must be included in the alumina
heads.
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Fig. 9 Trident, Tritanium,
acetabular device (surgical
protocol) [10]

If a kitchen-sink egg lacks a ring that will accept the rubber gasket of the sink-type
screw-On-off valve, this explanation of how the egg engages with the sink and the
gasket is reasonable. The bars in the shell were designed to interlock with the row
of bumps (scallops) in the insert, preventing the shell from spinning. The trifurcated
cone device, which is Acetabular Instrumentation on the cutting edge, is included in
the total hip. To the best of our knowledge, the technique is a metaphor for preparing
the acetabulum for the Trident, Tritanium Hemispherical Acetabular Implants.

14.1 Preoperative Preparation, Including Preoperative x-rays

Pre-operative planning and X-ray evaluation aid in determining the minimum
required size and the best implant form for achieving the full result. Different types
and therapies are being considered for possible implant. It would be necessary to
calculate the size of the operation room as well as the number of parts required for
construction. An X-ray examination may reveal anatomical anomalies in the uterus
that prevent birth. A detailed description of the medical procedure to be performed.

If the existing acetabular form needs to be revised, a prescribed method for
surgically removing the acetabular shell must be included (Fig. 9).

14.2 Preparation of Acetabular

During the implant procedure, the surgeon cleans the acetabulum for potential
implantation using the soft tissue withdrawal procedure, which he prefers. By
removing the protruding osteophytes and labrum, the bony anatomy will be easier
to see and reaming will be more user-friendly. Retractors in stryke orthopedics are
valuable instruments to use if acetabular sensitivity to acetabulation is still present
because they provide a better opportunity to observe the bony defects that cause it.
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If the bone does not come free from the joint, options for reaming the bone may be
discussed.

14.3 The Reaming Spherical

To achieve conformity in reaming, remove an optional 45° angle from the bottom
of the reamer and attach it to the cutting edge of the reamer with an optional 20°
angle on the hand (Fig. 8). The orientation guidance is perpendicular to the patient’s
long axis. If the path is perpendicular to the patient’s long axis, at 45° abduction, the
reamer handles, thereby positioning the spherical reamer’s axis at an angle. Figure 8:
The bent fixture is then placed on the platform at 20° of ante version by aligning
the reamer handle on the alignment guide and the left/right preversion rod on the
alignment guide and parallel to the patient’s long axis of the patient’s body.

Many people recommend starting the reaming phase with a cutting-edge spherical
reamer 4 mm smaller than the target model or template scale. The reamer is attached
to the reamer handle in such a way that a quarter turn can be applied when the
lock in place is pressed back. Initially, the reaming method would be inserted one
millimeter at a time, and would be completed until the final scaling is achieved.
Because titanium is a fragile material, the exterior diameter of the coating is smaller
than the scale indicated. When it comes to hip replacement, the doctor will make
sure that everything is in order (Fig. 10).

The spherical body of a spherical reamer is constructed in such a way that it can
ream up to the full depth of the instrument if the reamer head is pushed to the point
where the rim/cross bar contacts the acetabular wall in the area of the peripheral

Fig. 10 Acetabular
exposure [10]
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lunate. To detach a reamer, push back on the handle, turn the reamer head by a
quarter-inch against the clockwise portion of the sleeve locking the reamer from the
spindle, and remove the sleeve lock (Fig. 11).

The surgeon must be aware that the resin is being used to compensate for the
hip joint’s position. The final examination in the osteochondral-fusion clinical trials
involves “eroding” or remolding a defectively thickened hemispherical acetabulum
by embedding it in plastic medication and forcefully straightening and reshaping it
with a wide saw.

The subchondral plate is thought to help with a wide range of motions, including
load sharing. The preservation of the subchondral rock to the greatest extent possible
would allow the Bone/metal hybrid to improve its properties.

By defining metaphorical axes parallel to the long patient axis while keeping the
software’s entry method parallel to the long patient axis, the rotation angle of the
metal shell can be calculated (see Fig. 12).

Fig. 11 Spherical reaming [10]

Fig. 12 Perpendicular to the long axis of the patient [10]
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Fig. 13 Parallel to the long axis of the patient [10]

The metal shell’s preversion is set to approximately 20° by adjusting the impactor
angle of the cup (in relation to the patient’s wide axis) so that the inclination rod
left/right is parallel to the inclination rod the patient’s broad axis (see Fig. 13).

He acetabulum is impacted by the aluminum shell. Only after obtaining a very
secure press fit can it is guaranteed that the metal shell is in place. When the orien-
tation guide is loosened, the map on the document may be removed by twisting the
thumbscrew on the thumbscrew. After carefully unthreading the trowel handle, the
lead of the mortar is revealed.

By looking through the threaded hole, it is now possible to determine whether the
dome’s seat has been drilled to the required depth. If this occurs, the cutting-edge
will determine that the shell is not fully seated (precision driven stage), and will then
cause the last cup impaction to sustain the impact before the shell is fully seated in
the packed acetabulum (where precision-controlled stage).

15 Dental Instrument Materials

TheFDAapproves engineered items for a specific intended application as a device for
dental implants, including those produced using 3D printing technology. The engi-
neered tubes are referred to as finished devices because they are suitable for use by
health care professionals and can be manufactured in the patient’s body at the time of
need. Dental resins such as direct filling resins, dental cements, denture resins, inlays,
restorations, reconstruction, orthodontic retainers, night guards, crowns, bridges,
onlays, and crowns are all used with implants and prostheses. In order to clear
these devices, the FDA typically requires durability tests on the finished product to
demonstrate that the content has the necessary physical and material properties for
its intended use.
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As a result, the FDA does not authorize materials and components for use in
any other general purpose. Any material or product that is authorized for a specific
intended use is only allowed for that specific intended use. If a material or system that
is approved for the manufacture of a specific item, with specific physical properties
and a specific use specification, is used in an unintended manner, it is likely that
such use will pose a medical or legal risk. For example, the FDA does not need to
approve materials and components that are not intended for a specific device. It is
unnecessary for the FDA to approve materials and components for any purpose other
than a specific intended device or device system for certain purposes. For example,
“clingy resin.”

In cases where a corporation chooses to use the same drug for a different intended
purpose, the FDA will test the manufacturer’s expertise to determine whether the
content has suitable properties for the new intended usage. If the existing proposed
application falls within the scope of another classification regulation, the supplier
must comply with the legal requirements of that classification rule.

16 Stereolithography

Stereo lithography (SLA) is a three-dimensional (3D) printing technique that
frequently builds up shapes in a monolithic manner similar to that of a light-based
photograph. This technique is used to render 3Dartifacts by layering a 3Dcomponent,
similar to how traditional clay is made. The energy supply in the photo polymeriza-
tion process is typically in the form of optical illumination, which scans over a vat
of light-curable resin, allowing the molecules to link and solidify specific areas on
the liquid surface. As the upper floor of the vat is gradually lowered, the depth of the
content rises steadily.

The cured resin is formed in layers and in tandem with a strong object. The resin
that is wrapped around the wires lacks mechanical consistency and a support system
is also required for the formation of the overhanging layers (Fig. 14).

In this analysis, the fabricated 3D object is removed by draining and washing
away excess resin. The SLA lenses are semi-transparent, allowing visual access to
abstract spaces, such as brain cavities inside the ears, eyes, or sinuses, especially in
direct vision. Despite its poor design, the model system is not easily cracked. The
framework must go through a post-curing phase in which it is exposed to ultraviolet
radiation. This would aid in improving the structure’s mechanical properties. The
most common materials used in SLA are holographic material and composite.

It has been established that the use of SLA products is essential for diagnosis,
teaching, and surgical planning. The duration of the procedure and perioperative
blood loss remain the same with the help of synchronous laser surgery and other
exciting SLA developments, but the complication rate decreases. The preoperative
preparation has been found to be quite effective in reducing the points of radiation
exposure while undergoing the procedure.



Additive Manufacturing of Composites for Biomedical Implants 147

Fig. 14 Stereo lithography
(SLA)

The SLA 2D transducer model is frequently used as a learning tool for surgeons,
allowing them to experiment with various surgical procedures. In addition to joint
injuries, SLA can be used as a key ingredient in the development of patient-specific
implant items. The findings of the study revealed that no adverse effects were seen
under the skin of rats for one month after the implantation of a system prepared using
Surface-Lithography Examination techniques.

As orthotics have been claimed to differ from surgery (maxillofacial fracture vs.
SLA), it is understood that the SLA implant gives the orthotic its own concept as
it amounts to a visual interface to the actual. The SLA scanner’s X-rays are quite
expensive. Then there’s the scanner to pay for, as well as the X-ray film. However,
you can buy a scanner that can produce hundreds of X-rays at once.

17 Selective Laser Sintering (SLS) and Selective Laser
Melting (SLM)

Selective Laser Sintering (SLS) is a type of additive manufacturing that uses laser
energy as the heat source on a specific region to sinter polymer powder and bind them
together to form a three-dimensional print solid. During this process, fine polymer
particles are heated, allowing them to molecularly sinter together to form a solid
substance. A roller is added alongside the feed bed, and the powder is either lifted
or lowered steadily, as shown in Fig. 15, to allow it to spread evenly.

The elevated powder is then pushed into the powder chamber by the roller, coating
a model on a base with powder. A device in the tool’s hands begins to trace tracings
into the cross section of the constructed digital file, much like a laser beam targeting
a model platform. As the model platform’s outermost shell layer is added, the config-
uration descends over time. Without the creation of content, this phase may continue
until the completion of a three-dimensional object.
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Fig. 15 Selective laser sintering (SLS) and selective laser melting (SLM)

In contrast to the SLA method, which requires parts and materials to be built on
another part of the system, this is a stand-alone solution. SLA is preferred over SLS
because it provides a smoother surface and allows the consumer to see more detail.
The porous scaffolds can be configured in the machine, literally mirroring the design
and creation of bone tissue engineering. Although several biomedical SLS appli-
cations have shown promising results in dental, oral, and maxillofacial procedures,
others have reported encouraging results in surgical procedures. Polymers, metal
alloys, biomaterial metals, and ceramics are used as a wide range of manufacturing
materials in pharmaceuticals.

If you’re unfamiliar, SLM is what happens when certain high-powered lasers are
used (SLM). Rather than simply melting the metal to attach it to another shape,
the laser is programmed to fully melt the material and cluster it into layers to
connect particles. In comparison to SLS, the disadvantage of the SLM system is
that it is impossible to control the production of surface stress because the material
is completely melted during this process.

Traditional process materials include copper aluminum stainless steel and chrome
cobalt components. We’ve been paying close attention to how SLM has been used
for various purposes, which has undoubtedly improved healthcare. Because of the
possibility of re-using non-melted powder, it has been discovered that the SLM is
the safest way to optimize the use of content.

From a theoretical standpoint, SLM implies that it is critical to control both the
material properties and themechanical properties of themembrane. TheSLMmethod
was successfully applied in the development of regular bone-like implants by creating
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a porous layer of the implant that makes it more like real bone in all aspects, including
strength and mechanical properties.

18 Fused Deposition Modeling (FDM)

FDM (Fused Deposition Modeling) is a 3D printing technique that uses a heated
nozzle. FDM consists of a base, an extrusion nozzle, and a power supply method.
Later, the plastic filament is fed into the coil by pulling the piston through the bottom
of the heated nozzle.When liquid comes into contactwith the hot nozzle, it is instantly
transformed into a liquid substance. Depending on the tool path and tool geometry,
the material is then extruded in layer shape or sprayed onto the base plate before the
final 3D tool path. The manufactured items are shipped to various locations (Fig. 16).

The plastic factory model approach connects “real” materials such as Cast wax,
sulfones, ABS, polycarbonate, and elastomers to create practical performing prod-
ucts. According to FAO, DFA does not necessitate any special ventilation conditions,
but it does necessitate the absence of toxic chemical byproducts.

It is very common and useful to use wireframe to create 3D sections of complex
objects. Nonetheless, one of the major drawbacks of this strategy is the lengthy
construction time, as well as the poor surface finish and mechanical strength. This
one-of-a-kind 3D printing process was practically exhaustive in terms of creating
the shape of any channels and pores and seamlessly connecting them all at the same
time. When compared to its peers, if “3D printing” is spelled, the printed product
may be the most ideal and perfect ever. The bio-medical sector is essentially a subset
of that. It is also known that novel materials could be developed for the dispensing

Fig. 16 Fused deposition modeling (FDM)
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of dental implants in a variety of pre-determined densities for the patient’s specific
structure.

19 Electron Beam Melting (EBM)

On the one hand, ultrasonic waves are used to melt powdered metal, while guns are
used tomelt/pulse themetal. The goal of applying SLS, EBM, and SLM techniques to
Smith and Thomas’ workwas to influence total melting in order for content to adhere.
The EBM technology is intended for use in a vacuum electron beam at extremely
high temperatures (up to 1000 °C). One of the goals of EBM goods is to improve
the mechanical properties of products and services (i.e. strength, elasticity, fatigue,
chemical properties) (Fig. 17).

Copper, like most metals, has a metal core and a metal shell. Copper is a metal
that is used in the production of cast goods. I realized after my EBM training that
my understanding of reactive substances is far superior when dealing with reactive
substances under vacuum. It is similar to titanium for oxygen. Collisions between
the electron beam and these gaseous molecules in plasma are avoided in the EBM
vacuum environment, resulting in a high-quality electron beam.

Maintaining thermal insulation while allowing outgases impurities to be incorpo-
rated in the metal powder. The electrons travel down through the column of mercury
particles in a vacuum before reaching the anode after a final filter that removes
particles during charging is made. Within an electrical field, high-speed electrons
can be accelerated; the accelerated electrons are then turned off by two regulated
magnetic fields. Magnifying lenses, such as stigmators and focus coils, function as
a thin focusing lens system that aids in the definition of the beam to a specific size.
A vacuum chamber (a large box filled with free space, similar to an empty refriger-
ator) is filled with a crystal lattice-array material (a large amount of titanium powder,
aluminum, or stainless steel) as a target in commercial applications.

Then, a powerful electromagnetic field’s beam is used to break down the lattice-
array, resulting in a concentrated light beam (a beam of light that will go straight

Fig. 17 Electron beam
welding
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through and hit the target). Finally, amonochromatic beamwill exit the beam/vacuum
chamber and hit a detector, indicating whether or not it came from the correct part of
the vacuum chamber (target space). The fact that EBM is nearly net-shape titanium
is its most valuable asset.

Implantable medical device spare parts and devices few papers have been
published in recent years demonstrating that EBM is a viable tool for creating
implants that are unique to individual patients. The mechanical properties of the
hip stem were modified using stem design and biomedical engineering techniques
to reduce tension while maintaining strength. Orthopedic implants made from the
specific sample obtained in this study are produced using a non-stochastic lattice
configuration, and obtaining the correct orientation of the lattice struts to achieve a
good stress distribution for the formation of the lattice structure is a true challenge.

20 Summary

See Tables 1 and 2.
Simultaneously with medical imaging technologies, sophisticated machine

learning methods have demonstrated a high potential for biomedical applications.
This method successfully facilitated and strengthened the norm, the duration of the
operating procedure, and overcomes the patient’s problem of sacrificing the correct

Table 1 Comparison of AM approaches utilizing inventory, feedstock and energy

AM method Material Feed stock Heat source Application

Lithography in
stereoscopic
mode

Photo-polymers Epoxy resin Ultraviolet lasers Prototypes,
molds, and
patterns

Modeling of
fused
deposition

Polymer that is
thermoplastic in
nature

Filament Chamber for heating Scaffolds,
antibiotic delivery
methods, porous
structures

Sintering by
selective laser
sintering

Materials made of
metal, polymer, and
ceramic

Poudre The laser Implants for the
craniofacial and
joint regions, as
well as scaffolds
for tissue
engineering

Melting using a
selective laser

Materials made of
metal

Poudre Laser source made
of fiber

Replacement of
the cervical and
vertebral bodies,
porous dental
implants

Melting via
electron beam

Materials made of
metal

Poudre Beam with electrons Press-fit knee and
hip replacements
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Table 2 Summary of methods of processing additive production and its medical uses

Additive
manufacturing
technique

Materials Targeted clinical cases Comments

Modeling of fused
deposition

Ketone polyether
ether

Implantation facial The intricate bone
structure necessitated
three-dimensionally
printed implants

Modeling of fused
deposition

Hydrogel that is
heterogeneous

Model of a
three-dimensional
heterogeneous
hydrogel

Promoted osteochondral
repair

Modeling of fused
deposition

6Al-4V-Ti Implants in rats Porosity was critical in
tissue ingrowth

Melting using a
selective laser

24Nb-4Zr-8Sn-Ti Cup acetabular The implant is very dense
and has excellent
mechanical properties

Melting via
electron beam

6Al-4V-Ti Osteoblasts fetalis
humaines

Cell proliferation was
inhibited on very rough
surfaces

Melting via
electron beam

6Al-4V-Ti Skull of a pig Scaffolds provided an
appropriate environment
for bone ingrowth

implant because it required to be tailored to the individual’s dimensions. Despite the
fact that the AM program has been in operation for several years, there are still many
flaws that must be addressed.

One of the most pressing issues in the introduction of additive manufacturing
(AM) in the biomedical industry is the high cost of AM components, the number
of functional products, the properties of the final parts and size of the parts, and
the accuracy of the parts. Nonetheless, additive manufacturing in medical devices is
a fantastic new trend in the field. It is rising, exploding, and displaying enormous
potential.

This brief article was the first tomention 3D, later known as the “third dimension”.
In terms of medical applications, there are treatments that make use of a wide range
of products, including plastics, ceramics, and polymers.

Any technique in this group makes it possible to create multi-complex implant
forms, porous structures, and items that can be used in the medical domain. Thanks
to industry participation, the medical device industry launched many instruments
that could be used to assist the patient by completing the three weeks of prepara-
tion, reducing the likelihood of problems during surgery, and improving the implant
success rate. Many innovations, such as 3D printing, bio printing, and biomedical
engineering, help to make the world a better, safer, and more sustainable place.

Furthermore, additional research will focus on improving the mechanical prop-
erties of the implants produced by 3D printing, such as through the 3D printing
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method’s development of new biomaterials with enhanced mechanical characteris-
tics, to increase the accuracy of the porous implant and bestow on them a graded
porous framework Modulus to ably complement the tissue that they rest in, to avoid
fracturing.

21 Conclusion

Additive processing is a fascinating emerging area that has the ability to transform
the implant production industry. While it is widely acknowledged that additive tech-
nology has not been a reliable replacement process for the fabrication of finished
products, it is continually evolving and can potentially replace certain conventional
manufacturing methods. It allows the fabrication of prostheses without the use of
fixtures, materials, or dies by using 3D imaging data from the diseased joint. The
limitations of AM technology, such as a lack of varied material types, standard-
izations, dimensional accuracy, and resolution, are still being researched. Further-
more, medical manufacturing firms have made substantial investments in additive
production machinery and plan to use this technique to manufacture all surgical
instruments.

22 Future Scope

Future research prospects in medical AM using a variety of processes are repre-
sented in the following areas: Driven energy deposition—repairs of medical compo-
nents, especially tools and instruments, as well as emergency equipment compo-
nents; Sheet lamination—components composed of many metals that are used in
medicine, especially in machinery, instruments, and medical system components;
Extrusion of composite andmulti-materialmaterials, especially formedical aids such
as guides, splints, and support prostheses; Extrusion of materials—metal compo-
nents, especially implants and devices, tools, and components of medical systems;
Binder jetting—metal components, especially implants, appliances, instruments, and
medical device components; Material jetting—the fabrication of parts from a variety
of materials, especially for medical models and bio manufacturing.
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Effect of Process Parameters on Fused
Filament Fabrication Printed Composite
Materials

M. Ramesh and K. Niranjana

Abstract The industrial revolution is a deliberated essential for this hurtling world
as an eco-friendly manufacturing needed in order to avoid dumping of wastages in
landfills and noise pollution. Fused deposition modelling plays a vital role due to its
economic, user friendly operation and its abundant feedstock availability. The ther-
moplastic materials have been a popular feedstock material used widely in FDM for
various field applications such as pharmaceutical, biomedical, aerospace and auto-
motive industries. The FDMprinted parts are qualified byASTM and ISO committee
which assures the better quality of the parts.

Keywords Additive manufacturing · Rapid prototyping · 3D printing · Fused
filament fabrication · Fused deposition modelling

1 Introduction

Recent day’s eco-friendly manufacturing becomes highly viable methodology for
manufacturing endeavour. The implementation of this system will aid producers or
manufacturer to accomplish development strategies, reduction in consumption of the
resources, cheap and pollution free throughout the entire lifespan or its life cycle. This
progressive technological era leads to industrial revolution and academician research
development by converging on the execution of smart manufacturing. The AM is one
the smart manufacturing method which is also known as three-dimensional printing,
solid freeform or RPT.

The AM is one of the most innovative product/process/techniques that have
recently revolved around the world for past few decades. In midst of nineteenth
century one of the AM techniques, stereolithography was came to existence which
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is invented by Charles hull. AM techniques are classified into different groups based
on their feedstock material, extrusion method, curing behaviour and support mate-
rial: binder jetting, powder bed fusion, extrusion, material jetting, laser sintering,
VAT polymerisation or stereolithography, sheet lamination and direct energy depo-
sition. FFF is unique process and also most affordable material extrusion techniques
compared to other RPT techniques. Most cases worldwide researchers have utilized
a quasi-liquid material customarily thermoplastics extruded through nozzle from
container stored feedback stock. The process is well known the triumphant of the
3D printer company named Stratasys. It is patented and trade mark of the Stratasys.
The manufacturer has offered various other names for these techniques such as fused
deposition modelling (FDM) by Stratasys Company originated in 1988, Thermo-
plastics extrusion 3D printing or fused filament method by BigRep is instituted in
2014. Plastic jet printing by white clouds.

In 2020, the propaganda ofAM is new-fangled but this expertise is indeed 30 years
old by age. Let’s have a step back look on to milestones of the 3D printer espe-
cially FDM. In the midst of 19thcentury, Charles Hull was the one who begun the
history of 3D printer by inventing and filed patent as stereolithography. The another
3D printing technology selective laser sintering (SLS) was commercialised by 3D
systems by Carl Deckard. In 2001, 3D printed bladders fabricated with combination
of biomaterial and his own cells were surgically placed to LukeMassella. In 2009 the
patent of FFF was expired and helped hundreds of young researchers to ignite their
entrepreneurship skills. The 3D printed car bodywas invented in 2011 by partnership
with korecologicin and Stratasys. The Former American president Obama bestowed
30million toNational AdditiveManufacturing Innovation Institute inOhio, the place
of Wright brothers. This act created a huge hope on the young researched to develop
an additive manufacturing and to streamline the 3D printing techniques. The first 3D
produced gun known as Liberator was created by defence distributes and blueprints
were ordered to remove from the company’s website by the defence department.

A material extrusion process was pioneered in the kitchen with the aid of hot
glue gun to build a toy frog for a dearly daughter. This creation leads to a game
change over in the manufacturing sector. After days of research another 3D printing
system had patented by a couple called Scott Crump and Lisa cofounder of Stratasys
Ltd., in 1989. Crumps experiment with the plastic gels which is semisolid was used
to crafts a toy frog in layer by layer fashion with the glue gun for his daughter is
the Stratasys first end user product. The technique patent based on the idea of the
preparation of product by using thermoplastic material. This technique is known as
FDM or material extrusion process.

This terminology is described as process where the material is extruded roboti-
cally actuated nozzle. It also can print various substrates. This is the most afford-
able printers out of other 10 Techniques. The most used material is thermoplastics
like Acrylonitrile Butadiene Styrene (ABS), Polylactic Acid (PLA) and Polyvinyl
Alcohol (PVA). This is based on nozzle-based deposition system. It is built a 3D
model structure in layer by layer moving the nozzle and ejecting material [1]. The
materials extruded from nozzle which are classified as material extrusion technolo-
gies [2]. The material is special kind of material which is in the form of filament.
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Generally made-up of metals, polymer, ceramics, composites, smart materials and
even come of the special materials like edible items are used as an extruded mate-
rial. Themajor industry like aerospace sector, automobile, architectural, construction
spots, electronics and even used in the medical industries [3]. This is the major AM
evolved for its unique characteristics towards the polymer system.

2 Fabrication Process

The timeline of evolution of AM is presented in Fig. 1. FFF is one of the material
extrusion processes which is familiarised for manufacturing of polymer-based prod-
ucts. The Stratasys’ first 3D printers are presented in Fig. 2 [4] and the initially to be
produced on an FFF 3D printer is given in Fig. 3 [4].

1993  

• Direct 
Printing

1990

• Selective 
Laser 

Sintering 

1988 - 
S.Scott

• Fused 
Deposition
Modelling

1987 -
Bill 

Master 

• Computer 
Automated 
Manufactu

ring 
Process 

and System

1984  

• STL 
format  

1984 - 
Chuck 
Hull

• Sterolithog
raphy 

Apparatus 
including 
Photopoly
mer with 

ultraviolet 
light laser

Fig.1 Timeline for additive manufacturing

Fig. 2 Illustration of Stratasys’ first a 3D printer of FFF; and b operating 3D printer snapshot in
1991 [4]
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Fig. 3 The very first part to
be produced on an FFF 3D
printer [4]

The materials are extruded continuously as a polymer filament, viscous inks and
even in the polymer pellets form through nozzle or vent onto built area platform is a
more diverse range of AM used thermoplastics. As soon as the ink material is laid on
top of the platform, they are consequently solidified. This technique is considered to
be affordable and compatible compared to the other techniques which also dealt with
wide variety of materials. The single line process statement of FFF is in most cases
thermoplastic materials which gets soften or melted and extruded through a nozzle
and coagulates upon cooling [5]. The feedstockmaterial is stored in a containerwill be
extruded in the form of filament which will be liquefied and comes out of the nozzle.
The direction of the extruded material will settle as per the desired path instructed
from the slicer software. There will be two different materials which will be used
for actual part and support structure. The support structures are detached manually
or through high temperature melting or by dissolving using different solvent. The
material extrusion dawns by feeding the feedstock material to the extrusion head,
material is heated and extruded out of the nozzle in the liquefied state using the solid
filament and roller mechanisms dropped directly onto the built platform.

There is few featured software used for the path creation for support structures
and desired tool path. This is required to reduce time for building the structure,
structured internal architecture and improvement of the physical property of the
final part. Once the material is deposited in the built layer, other layer is built on
the upper side previous layer which is be performed automatically by moving the
built platform down in measure amount of layer thickness preferable from 0.1 to
0.8 mm. Subsequently other layers are deposited on top of the layer to build the
structure. The final built product has a direct influence with process parameter and
printer parameter such as extruder temperature, extruder speed, nozzle temperature,
feedstock extruding speed and build chamber property. The above-mentioned param-
eter decides the improvement in the physio-mechanical property of the final product,
porous nature and uniform distribution of the reinforcement or strength withstanding
property. The products should be ensured for its external surface shrinkage as well
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3D Designing 
Software

• Creation of 3D 
model in CAD 
format such as 
*.stl,*.step and 
*.iges 

3D printer and 
its  software 

• Cura  
• Makerbot print
• Prusa slicer 
• Simplify 
• Note: most of this 
software are 
available for free of 
cost  

Slicer Program 

• Slicing parameter
• Program generates 
the appropriate code 
which is to be 
copied in the data 
storage or 
transferred directly

• The command will 
be excecuted

Production of 
3D printed 

product  

• Printer reads the 
command and start 
to print layer by 
layer 

• Final Part is printed

Fig. 4 Process chart of FFF [8]

as internal and also the surface finish [6]. The layer by layer is a traditional method
of RPT which always follows bottom-up approach of printing direction. The delta
printer of FFF has been modelled for multilayer-by-multilayer approach and been
realized time saving method. The saved time would be of the duration of setting the
nozzle travel speed [7]. Polymer matrix material which will be extruded in the form
of filament from the heated nozzle and deposited in the solidified form which will
be created in the product of pre-programmed shape. The process chart of FFF is
presented in Fig. 4 [8].

The FFF process begins with three-dimensional solid model created in the CAD
packages any kind of 3D designing software can be utilized and model is converts to
STL format. Then model has been exported to FFF quick slice software is sliced into
various thin sections with horizontal cross section. The sliced section is formed as a
horizontal profile when stacked up together will resemble the original 3D part. This
kind of partitioning method is usual in all RPT techniques including VAT polymeri-
sation, SLS and direct writing, etc. The slice is accomplished to be very thin in order
to achieve accurate part dimension. The sliced section is set in the form of triangle for
obtaining good resolution, other shapes such as arcs, splines are not recognised by
FFF machine system. This type of CAD model is said to be tessellated CAD model
after slicing will appear as stair stepping.

These sliced profiles coordinates are fed to FFF machines; feedstock material is
squeeze out from nozzle as a melted form. The nozzle head moves around build
platform in XY plane and travels vertically in Z plane to deposit new layer on top the
laid layer. In most cases of RPT, bottom-up approach is followed. FFF provides an
opportunity to deposit multiple material to print parts, even multiple nozzles are used
to extrude support material in order to support base of the printed parts. The support
materials are brittle in nature which can be simply isolated once after printing of the
parts is completed. The cross sectional view of the process is presented in Fig. 5 [9].
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Fig. 5 Sectional view of the FDM process from extruder to build platform [9]

3 Process Parameters

The process parameter has to be selected appropriately for the creation of high quality
to fulfil customer requirement. The creation of 3D object is an idea as old as human
civilization. The bottom-up approach is similar way as an Egyptian pyramid. The
FFF technology is prints 3D part by bottom-up approach and extruding thermoplastic
filament. Whole FFF process is of three stages such as:

i. Pre-processing: The specification of build parts is to be finalised theoretically
prior to designing stages. Design specification of a 3Dmodel are camera ready,
slicing software to slices the thin section are to set appropriate. The 3D CAD
file is fed to the FFF machine after slicing and machine starts calculating a
path to extrude thermoplastic and any necessary support material. The pre-
processing steps are the main concern of the researcher in order to improvise
characteristics and various behaviour of the printedmodel. This pre-processing
specification are to be optimized such as surface finish like shrinkage free, warp
free and surface roughness since it can be controlled by setting this specification
predominate. The parameterwhich is affecting the property and performance of
FFF process are geometry related parameters, operation related parameter, FFF
machine related and materials related parameter. The pre-processed parameter
to be optimised are raster angle, Layer thickness, raster width, air gap, build
orientation, build angle and other thermal property of machine and material.

ii. Production: The FFF printer heats the thermoplastic or any other feedstock
material to a semi-liquid state which extruder via nozzle and it is deposited onto
the built platform in ultra-fine beads along the extrusion path. Where support
materials or buffering materials acts as scaffolding are needed to support the
path with respect to the build orientation, multi material nozzle will extrude
the support materials to build platform along with base material.
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iii. Post-processing: The FFF operator will remove support material or
dilute/dissolve the materials in detergent or water and then the printed parts
are ready for the application. There are two post processing techniques are
utilised in order to clean surface of printed parts to obtain a surface finishing
through mechanically or chemically. The mechanical finishing techniques are
manual sanding, sand blasting, abrasive flow machining, abrasive milling, hot
cutter machining, ball burnishing or tumbling, vibratory finishing and chemical
finishing techniques are vapour smoothing, acetone dipping, manual painting
and electroplating or metallization.

3.1 Layer Height or Thickness

The thickness of the deposited layer along Z axis but is vertical axis of the FFF
machine which could be less than diameter of extruder nozzle and completely
depends on the nozzle diameter. The 3D process prints parts layer by layer fashion
due to the additive nature of this 3D printing, Thickness of individual layers influ-
ences the resolution of the printed part in the analogous to determination of reso-
lution of television or computer monitor screen. Lower layer height shows a better
smoother surface. The layer height is major design parameter which has an influence
to printing time, cost of printing, surface finish and physio-mechanical property of an
end product. In the other AM process the selection of a layer height is not significant
since default resolution is previously pre-set by the printer manufacturer. As layer
height is minimized the cost of the layer height printing will be increased. The layer
thickness is the one of the major process parameters to be considered while printing
the polymer products to improvise the mechanical and physio-chemical properties
[10].

While building the part geometry the influence of layer height on the angle and
curved portion of the parts will be more prominent than compared to the vertical
walls due to its layer-by-layer printing behaviour. The holes along a horizontal axis
are printed by slicing the circular hole into multiple layers and stacking them top of
each other simultaneously create a non-smooth edge resembling the staircase looks
called as stepping effect. In case of a product with numerous holes, angles and other
discontinuity, we need to prefer lower layer height for ensuring part accuracy and also
this smoother finish. On the other side of the picture, researcher prefers higher layer
height which will result in time, economic and improved mechanical performance.
When we are opting for a post processing like parts to be sanded, acetone smoothed
or painted. Then layer height is not an important to be considered. These are the
few thumb rules to be considered while considering the layer height. It should be
optimised for each polymer and polymer reinforced with reinforcement. The layer
thickness of different AM processes is given in Table 1 and presented in Fig. 6 [11].
The macroscopic view of the printed parts is presented in Fig. 7 [12].
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Table 1 Layer thickness
based on the different AM
techniques

AM techniques Typical layer height (µm)

Fused deposition modelling 50–400

VAT polymerisation 25–100

Selective laser sintering 80–120

Material jetting 16–30

Binder jetting 100

Fig. 6 Layer thickness [11]

Fig. 7 Macroscopic view of the printed parts (50, 200 and 300 microns) [12]

3.2 Raster Width

It ismeasure ofwidth of deposition beads and varies on the extrusion nozzle diameter.
Raster width is also known as roadwidth is depending on nozzle diameter depends up
tomaterial extruded. Raster width is 1.2–1.5 times varies linearlywith it. It has a huge
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Fig. 8 Raster angle [10]

impact on the parts as like layer thickness shows minimum raster width has a good
surface finish and accurate dimensional quality. When the road width is minimum
even the physical properties such as tensile, compression and flexural properties.
The FFF printed path width of the outer most of the uppermost or outermost layer of
part build by FFF is known as contour width. The orientation, infill and raster width
is depended on the tool path of FFF machine and has a strong impact on surface
characteristics and mechanical performance. The thin contour is easily deformed by
high temperature during the time of extrusion compare to thick contour.

3.3 Raster Angle

The raster angle shows a greater influence on mechanical property of the printed
materials. For example, 0° raster angle shows improvised tensile strength since elon-
gation load is applied along raster of each layer compared to the load applied in
the normal direction of the raster. The raster angle and tensile strength are inversely
proportional to each other. The raster angle inversely proportional to tensile strength.
It has been noticed by several researcher that higher tensile strength is observed at
90° compared to 45° and 60°. The raster angle impact mechanical property, even
stress–strain curve indicates the tensile strength of the samples is affected. Compar-
atively the elastic modulus and fracture strain are slightly affected by raster angle
orientation [13]. Print speed is the distance travelled by the extruder along the XY
plane per unit time while extruding from the nozzle. It is measured in terms of mm/s.
The raster angle of FFF part is given in Fig. 8 [10].

3.4 Build Orientation

It is path to orient the part placed in the build platform with respect to Cartesian
coordinate system such as X, Y and Z axes. In on edge and flat sample were tested
and exposed to have a trans-layer failure with highest mechanical properties and also
the ductile fracture behaviour is witnessed due to their best stress vs. strain behaviour.
The flexural performance along with tensile strength and stiffness is present in the
on edge-oriented sample than in flat oriented sample. The on-edge sample shows the
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Fig. 9 a Build orientation on the build platform [14] b Build orientation [10]

ideal mechanical performance in terms of their strength, stiffness and ductility. This
parameter is represented as quantitative parameter and categorical parameter [14].
The horizontally printed parts show a high performance where vertically printed
parts have poor characteristics [15]. Worldwide researchers recommended that build
orientation is one of the flexible andmost reliable processing parameters for acquiring
surface characteristics. It is user friendly as the orientation angle or deposition angle
can be fed into machine coordinate system in CAD model. When the angles are
set right, researchers have noticed cost effective, saves time, utilisation of support
materials and final parts surface finish is required. There are common angles used in
the FFF parts fabrication such as 0°, 90° are the most effective angles and produces
good surface finish and build angle between 40° and 60° found to have a reduced
surface finish and high cost of support material as the tilt of the model required to
be filled with the support material [16]. The build orientation is given in Fig. 9.

Arivazhagan et al. has studied on shell thickness, he noticed when he increases
the shell thickness from 0.4 to 1.2 mm and realised tensile strength of the gradually
increased with it [10]. The space between two adjoining raster’s on top of the layer
deposited in the built platform. The gap between two adjacent filaments on same
layer of the print platform is said to be air gap or road gap. When the air gap is
considered to be zero in default shows that outer layer of nearest beads is touching
each other. The air gap is said to positive gap so that we can reduce the build time
and even the density of printed parts can be reduced.When space is overlapping each
other, air gap is considered to be negative then parts are observed to have a denser
part. The surface finish is enhanced for both negative and positive air gaps whereas
minimum surface finish and dimensional accuracy are occurred at negligible air gaps
[17].
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3.5 Extrusion Temperature and Speed

The feedstock materials are heated at a temperature and extruded through nozzle
during initial stages of the FFF process. This temperature is depending on material
or print speed. The effect of extruder temperature and its speed is considered as
high substantial process parameter as per leverage plot obtained from the John’s
Macintosh project software. The ranges of temperatures vary from 195 to 215 °C.
As the extruder speed increasing the tensile property of the specimen gradually
decreased [10]. The layers edge of a three-dimensional printer object is solid and
depends on the strength and mass of the FFF end product. Internal structure known
as infill which is hidden inner part covered by the outer coating and it has a various
form, dimensions and prefigure. This is the percentage of infill volume with filament
material. The infill speed has an impact on the tensile characteristics of the printed
parts [2]. There are different infill patterns such as hexagonal, diamond and linear are
created to manufacture the sturdy and durable interior structure. The three different
infill patterns were deemed by the researchers lately are rectilinear, concentric and
Hilbert curve for preparation of specimen [18]. The infill pattern is presented in
Fig. 10.

4 Raw Materials Used in the Printer

Various materials have been used in FFF as a feedstock material for the fabrication of
different product in terms of the industrial trends. The FFF process usually uses the
thermoplastics material since it is ecologically stable and doesn’t react with ambient
temperature, humidity condition or with time. Therefore, this process always prefers
thermoplastic to get feature of accurate size, wrap free and shrinkage free. The
printing materials play a vital role in the properties of the final product. The polymer
shows an insignificant characteristic when it is printed without any reinforcement.
Henceforth most of researchers globally begin to concentrate on incorporating the
reinforcing material to enhance mechanical and physiochemical property [10]. The

Fig. 10 Infill pattern: a linear, b diamond, and c hexagonal
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moisture content in feedstockmaterial shows difference in the physio-chemical prop-
erty of the material. Hence the prepared materials are dried in vacuum oven or dryer
for 45 °C for 5 h after parts are taken out of the build platform [13]. The materials
and their facts are given in Table 2 the process parameters are presented in Table 3.

5 Surface Finishing

The FFF surface finishing techniques is explained in Table 4.

6 Testing Standards

There are two different testing method or standards are employed to test different
properties of the FFF products namely American Society for Testing Materials
(ASTM) and International Organization for Standardization (ISO). These two are the
universal standards setting committee which decides the testing standards. The ISO
is a worldwide federation of national standards; ISO technical committee members
are liable for practicing international standards. The ASTM has formed an ASTM
committee F42 for fixation of standards for AM in the year 2009 [30]. The same time
standard document of AM ISO/TC261 is created by ISO in cooperation with ASTM
F42 committee. AM technologies on the basis of agreement between two committees
with a aim to create a set of ISO/ASTM standards for AM. This document has been
revised in the year 2015 as ISO/ASTM 52,900 [31].

ASTM committee meets once in six months to have a technical discussion with
about 160 members. The committee along with its subcommittee has published an
annual book of ASTM standards. The book contains the portfolio, predominant
standards of AM. The physical property of the manufactured parts was based on
ASTM. Even ASTM and ISO testing standards are necessitate to test physical prop-
erties of AM polymer and the parts. In 2014, ISO has issued standard methods and
testing techniques for AM parts which indicating the basic quality attributes of the
parts, specifying the suitable standard methodology, scope of the AM test, content
of the test and also the supply agreements. Few standards are to be implemented
for performing various physical or mechanical tests are tensile, flexural, impact,
compression and three-point bending test for both AM products manufactured on
the polymer and composite material. The thermoplastics material uses these stan-
dards for testing. The specimens were in the shape of dumbbell or dog bone shaped
or notched/unnotched shaped and flat/straight bar-shaped specimens are used for
testing. The testing standards are given in Table 5.
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Table 2 Materials used in FFF and their facts

S. no Materials used Facts about the materials Refs.

1. Acrylonitrile–butadiene–styrene
(ABS)

• Commonly used in thermoplastic
polymers in the FDM process

• Easy processability
• Corrosion resistance
• Economic benefits
• Limited to engineering applications
because of their inadequate mechanical
strength

• Low thermal resistance

[19]

2. Polycarbonate (PC) • It improvises the property of ABS
when it is blended with it

• Better mechanical performance
includes ductility, impact strength,
toughness and wide range of
serviceable temperature

[19]

3. Polylactic acid (PLA) • Filaments are produced majorly
produced by raise 3D

• Biodegradable polymer is fabricated
from starch of the biomaterials by
direct condensation process

• This is the only materials which have
similar properties of synthetic polymer

[20]

4. High density PLA • Green filament mainly produced by
fiberlogy

• Extracted from renewable raw
materials

[20]

5. Impact PLA gray filament • It is produced by fiberlogy
• Similar property of ABS
• High impact resistance
• High cracking resistance, breaking and
use at higher temperature

[20]

6. Extruder BDP pearl filament • It is produced by extruder
• Biodegradable polymer
• Purely from renewable resources
• It has good mechanical and thermal
property compared to PLA

[20]

7. Extruder BDP flax filament • It is produced by Extruder
• Biodegradable polymeric material
• High speed prototyping is possible due
to mineral filler addition

• Majorly used for the development of
complex models

[20]

(continued)
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Table 2 (continued)

S. no Materials used Facts about the materials Refs.

8. Polyether ether ketone (PEEK) • Thermoplastics excellent thermal
resistance

• Mechanical properties compared to
PLA

• Chemical stability
• Biomaterials

[14]

9. Polyetherimide (PEI) • Strength-to-weight ratio with low
smoke evolution and toxicity

• High extrusion temperature and bed
temperature

[14]

10. Nylon • High flexibility nature and durability
• High Toughness and impact resistance
• Hygroscopic nature

[14]

11. Iron with ABS, copper with ABS • Enhanced storage modulus and
thermal conductivity, reduced
coefficient of thermal expansion

[1]

12. Al and Aluminium Oxide (Al2O3)
/Nylon-6

• Reduced frictional coefficient [21]

13. BaTiO3/ABS, CaTiO3/
Polypropylene

• Improved dielectric permittivity and
controllable resonance frequency

–

14. Tungsten/PC • Improved dielectric permittivity, x-ray
attenuation factor and impact resistance

–

15. BaTiO3/ABS • Improved and tunable dielectric
permittivity, periodic and graded
structures were printed for
demonstration

–

16. Thermoplastic elastomer/ABS • Reduced anisotropy of printed
components

[22]

17. ABS–M30 thermoplastics • 25–70% has more strength than
elementary ABS Majorly used for parts
with functional application

• Good physical strength

–

18. ABS–M30i thermoplastics • Biocompatible material preferably
used in biomedical and food industry

–

19. ABS I • Translucent Material mainly used in
automotive industries

• Available in red and amber colours

–

7 Applications, Advantages and Drawbacks of FFF

Table 6 listed the materials and their applications fabricated by using FFF/FDM
processes.
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Table 4 FFF surface finishing techniques

S. no Finishing techniques Procedures Refs.

1. Manual sanding • Simplest and economical
• The FFF founded company suggested to
use sandpapers of 120 to 320 grits, and
steel wool to fill the final part of FFF for
removing small bit supports and hair like
strands

• Even the heated knife has been used to
filling the gaps

• It requires skilled labour since the manual
process are not controlled and measured

[25]

2. Sand blasting • They are majorly used to improve surface
roughness up to 98%

• This is recommended by Stratasys after
vapour smoothing

• This process will give the matte finish to
glossy surface

[26]

3. Abrasive flw machining • It is method of abrasive laden elastic media
which is used for finishing and polishing
the FFF printed parts

• The abrasive jet was impinged on to rough
surface till it burrs until it is smoothened

• The major parameters used for this type of
machining are media pressure, grit size and
duration of blasting

• When the machining is performed there
will small dimensional change in the
profile may occur

• The dry air or glass beads abrasive media
are used to achieve 70% of surface
roughness

• The demerits are to enhance is the
controllability of the pressure required as
there will be weight loss and thickness
reduction

[27]

4. Abrasive milling • The abrasive techniques are where the
sandpapers of various grit sizes are rotated
on wheel for removing process for chip
formation

• The speed of the abrasion has been
increasing the material removal which
enhances the surface hardness

• The bulk lamellar abrasive paper is used to
achieve 90% improvement surface finish

• The subtractive machining was not used for
the complex parts with intricate shapes

[26]

5. Hot cutter machining The straight edge hot cutter is used to cut off
the machine flat surface and also helps in
predicting the adaptive slicing

(continued)
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Table 4 (continued)

S. no Finishing techniques Procedures Refs.

6. Ball burnishing or tumbling • It is majorly used to press the peaks of
surface profile and fill those excess
materials to the valleys

• This is the only mass finishing process used
for deburring, fine finishing and surface
morphology of FFF parts

• The printed product is loaded to a closed
rotating tube with an abrasive media,
compounds and water

• The process requires cheap, maintenance
cost and capable machining capability
without any fixtures

[28]

7. Vibratory finishing • The abrasive media and fine compounds of
abrasive are mixed with water using spring
mass system

• There exist two opposing set of eccentric
weight which is attached to end of shaft
driven by belt

• The material rates will be different based
on the time, media size, media shape,
media weight and compounds

[29]

8. Vapour smoothing • Advanced finishing technique for part
surface reflows momentarily due to
exposure of vapours evolved by heating of
chemical in controlled environment

–

9. Acetone dipping • Acetone is the major cleaning agents which
has better peeling characteristics hence
they are majorly used for polishing and
finishing the products

–

10. Manual painting • The chemicals like acetone, thinner,
toluene are used to smoothen surface of the
ABS parts

• The chemical components will chemically
dissolve the rough edges and strengthen the
bonds of the layer together

• The chemicals are manually to the parts
which is time saving and cost

[25]

7.1 Advantages of FFF

• The FFF process is known for this affordable price as customer friendly and
simplicity.

• High printing speed
• Reinforced production-grade thermoplastics are physically and environmentally

stable.
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Table 5 Standards for testing properties

S. no Testing materials Property Standards used

1. Polymer Tensile ASTM D638, ISO 527–2,
ISO R527:1966

2. Composites ASTM D3039, ISO 527–4

3. Polymer Compression ASTM D695, ISO 604

4. Composites ASTM D3410, ISO 14126

5. Polymer Flexural (Three point
bending)

ASTM D790, ISO 178

6. Composites ASTM D790, ISO 178
ASTM D7264

7. Polymer and composites Charpy impact
(Notched)

ASTM D6110, ISO 179, ISO
179:1982

8. Izod impact (Notched) ASTM D256, ISO 180

9. Izod impact
(Unnotched)

ASTM D4812, ISO 180

10. Polymer and composites Glass transition
temperature

ASTM D3418

• Complexparts, geometries andhollowparts canbeproducedwith greater accuracy
and economical when compared to conventional manufacturing process.

• FFF does not requires a special tool for the additional support
• The printing process are as simple as printing the copies in the inkjet printer
• Multiple materials depositions are possible with aid of several extrusion nozzles

with different feedstock filament material loading capacity so that it can print a
multi-functional part with intended composition.

• Elevated temperature is necessary for printing process stages to melt the filament
form through the extruder to be ejected out of nozzle on top of the build platform.
This will lead to physical instability and material degradation.

• The support structures are mandatory for the printed object which will contribute
to the material wastage especially when there are complex geometrical stages or
huge base area required. Therefore, it is tough to deduce the innermost portion of
the support material for hollow objects.

• The FFF is the emerging technology in the field of medicine is to fabricate
unique tablets or devices which will personalise dosages can be easily designed
and printed. This personalised profile supports the materials to be loaded in the
prescribed dosages, adjusted and controlled as per the requirements [40].

8 Drawbacks of FFF

• The feedstockmaterials have to be infilament form to ensure the extrusion process.
In case of compositematerial, it is problematic to disperse the reinforcingmaterial
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Table 6 FFF materials and their applications

Field Printed product Material used Refs.

Pharmaceutical Implant Lenofloxacin,
Captopril/Nifedipine/ Gupizide/
Pravastatin

[1]

Dye

Capsule Acetaminophen

Nanosuspension and Microneedle Folic acid

Catheter Nitrofurantoin

Tablet Guaifenesin, 5-Aminosalicylic
acid, Budesonide, 4-Amino
salicylic acid, Prednisolone, PLA

Subcutaneous rods and
intrauterine system

Indomethacin

General device Gentamicin sulphate/
Methotrexate

Contraceptive implants Ethylene vinyl acetate (EVA)

Scaffold/mesh/contraceptive
implants

Polycaprolactone

Biodegradable scaffold has a crack
resistance during cyclic loading

Hydroxyapatite / PLA

Biodegradable scaffold with good
hydrophilicity, cell adhesion, and
improved compressive strength

HA/PEG/PLA

Matrix model /microfluidic device Acrylo-nitrile butadiene styrene
(ABS)

[32]

Aerospace Aircraft cabins Polyetherimide (PEI) [14]

Inlet guide vane of the engine
turbine

Chopped carbon fiber

Aircraft components like engine
exhaust and turbine blade

Metal materials

Airborne applications (unmanned
aerial vehicles)

Low-temperature PEMFC fuel
cell stacks

Plastic parts for aircraft PEI materials that are compatible
with 3D printing

Medical Bone repair materials Polyether ether ketone (PEEK)

Matrix model/microfluidic device ABS [33]

Tablets PLA, Polyvinyl alcohol (PVA) [34]

Scaffold/mesh/contraceptive
implants

Polycaprolactone (PCL) [35]

Contraceptive implants Ethylene vinylacetate (EVA) [36]

(continued)
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Table 6 (continued)

Field Printed product Material used Refs.

Bone cement beads Poly
methylmethacrylate(PMMA)

[37]

General Pipe systems, automotive, toys,
electronic casing

ABS [38]

Electronics, aerospace,
automotive, mechanical and
medical parts

PEEK

Medical, chemical instruments,
aerospace, automotive, electronics

PEI

Electronics Electronic sensors ranging from
piezo-resistive sensors to
capacitive sensors

Carbon black/PCL composites [39]

through matrix system and to avoid air voids, defects during the production of
composite filaments.

• The restriction towards the raw material of the filament. It is been limited to
thermoplastics material with low melting temperature. The usage of metal-based
filaments can be used for the high temperature withstanding material end product.

• The servable material is restricted to thermoplastics materials commonly PLA,
ABS, PC and few other materials with suitable melt viscosity. This is high enough
to provide a structural support hence it is quite difficult to eliminate the support
structure and low to enable extrusion.

• TheFFF entry levelmachines are of low costwith abundant availability ofmaterial
used for printing material.

• The build speed, accuracy of complex shape and material density show greater
disadvantages.

• When we focused onto high precision level with layer thickness of approximately
0.078 mm we need to prefer expensive machine which consume higher build
times.

• In most cases circular nozzles so it is impossible to build a sharp external corner.

9 FDM Printed in Fiber Reinforced Composite Materials

In order to improvise material properties of the thermoplastic material in FDM.
The fiber reinforced composite materials are started to evolve around the global
i.e. reinforcement of fiber into the polymeric feedback in various forms of such as
short fiber, nano fillers, nano particle and continuous fiber form. The reinforcement
will enhance the thermal and mechanical behaviour. Both artificial fiber like carbon
fiber, Kevlar, aramid and natural fibers are involved in constructing parts [41]. The
carbon fiber powder was added to ABS pellets. The tensile modulus was found to be
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increased when about 7.5 wt. % fiber powder of added compared to the neat polymer.
The tensile strength is also enhanced about 5wt% of the neat about 42 MPa [42].

10 Conclusion

The FFF process is known for their affordable price as customer friendly and
simplicity. The stages of FFF process such as pre-processing parameters like layer
thickness, raster angle and build parameters have significant role in the characteris-
tics of printed parts for their mechanical behaviour and surface finishing and post
processing techniques like mechanical and chemical surface finishing used to polish
the outer surface of the printed parts which provide the surface finishing and accu-
rate dimensioning. Even the disadvantages of FFF process are be implemented by
researchers in the novelmachine.The ISO in cooperationwithASTMF42committee,
AM technologies on the basis of agreement between two committees with an aim
to create a set of ISO/ASTM standards for AM. All the surface finishing techniques
are used to obtain accurate dimensioning and good surface finishing. The FDM also
used for manufacturing of an aerofoil for construction of aircraft wing study. Even
complex structures of truss structure for constructing airframe fuselage truss structure
for UAV.
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Analysis of Temperature Concentration
During Single Layer Metal Deposition
Using GMAW-WAAM: A Case Study

Manu Srivastava , Sandeep Rathee , Mehul Dongre, and Ankit Tiwari

Abstract Gas metal arc welding-based wire arc additive manufacturing (GMAW-
WAAM) is the most widespread and commonly used technique in the metal additive
manufacturing industry. The quality of fabricated parts usingGMAW-WAAMlargely
depends on different process parameters and temperature/heat generation during the
process. The dissemination of temperature in the process is considerably affected
by path planning. Eventually, the overall precision and the surface quality of the
fabricated components get affected. In this chapter, the consequences of temperature
disseminationon theprocess havebeen analyzedusing afinite element analysis-based
model. The model simulates the GMAW-WAAM process of 316L stainless steel for
a single layer deposition in a specified shape and the temperature dissemination has
been documented. The outcome is that at all the turning points, a local temperature
accumulation occurs which might degrade the geometric properties of the fabricated
component. The developed model can additionally aid in the growth of a responsive
supervision and restriction system to control the thermal anomaly.

Keywords Wire arc additive manufacturing · GMAW · Temperature analysis ·
Finite element analysis

1 Introduction

Additive manufacturing (AM) is a modern and advanced manufacturing technology
that produces products by depositing material layer by layer. It is opposite to the
conventional subtractive processes and has the capability of producing very complex
components. AM provides a unique ability to fabricate components with high vari-
ability and flexibility in geometrical features [1]. Surface quality is another concern
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Fig. 1 Challenges faced in AM technology [2]

that can be controlled by optimizing the parameters. Various other challenges faced
by AM technology are shown in Fig. 1 [2]. In the 1980s, AM was used under the
name of rapid prototyping and was used to create only artistic products. But nowa-
days, it is used at a large scale in various manufacturing industries. This is owing to
the continuous research it has gone through to increase its efficacy. It also has the
potential to become even cheaper and faster than before in the near future. Several
AM processes are in use today and can be classified in different ways. The Amer-
ican Society for Testing and Materials distinguished the AM processes into seven
main categories viz. vat photopolymerization, material jetting, binder jetting, powder
bed fusion (PBF), material extrusion, directed energy deposition (DED) and sheet
lamination [3–5]. Each of them has discrete features and characteristics. Commercial
metal additivemanufacturing (MAM) techniquesmainly involve PBF andDED tech-
niques. However, other AM techniques such as sheet lamination and binder jetting
are also utilized for MAM [6–9]. Also, some advanced techniques such as friction
stir-based AM [4, 10, 11], cold spray-based AM [12–14], wire arc additive manu-
facturing [15–17] are attracting researchers for various engineering applications.
Comparatively, WAAM produces larger products [18].

WAAM is a direct energy deposition process as it uses electrode wire as the
material source and the electric arc as the heat source. WAAM has greater depo-
sition rate and efficiency while lesser cost and time consumption as compared to
several other AM techniques. Material wastage in WAAM is also comparatively less
than subtractive processes. A lot of work has been done to strengthen the WAAM
process and the quality of outcomes. It has been done by minimizing the effects
of the various defects such as residual stress, crack, deformation etc. Quality can
further be enhanced by using various post-processing techniques. Some welding
techniques used in WAAM are metal inert gas welding (MIG), tungsten inert gas
welding (TIG), cold metal transfer (CMT) and plasma arc welding (PAW). From
these WAAM techniques, GMAW-WAAM is the most widespread and commonly
used in the industries. The basic equipment in GMAW welding consists of a wire
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Fig. 2 Setup and schematic of MIG welding material deposition process [32]

feed unit, electrode source, power source, torch, substrate and shielding gas supply.
Shielding gas prevents the reaction between the melt and the atmospheric oxygen,
vapours and other contaminants. The welding setup and a schematic diagram ofMIG
welding material deposition are represented in Fig. 2. If instead of some inert gas,
an active gas is used as the shielding gas such as O2 and CO2; then it is called as
metal active gas (MAG) welding rather than MIG. These two are collectively called
GMAW [19]. In GMAW, similar metals get welded easily but when it comes to
dissimilar metals, the welding is onerous. This may be owing to the fatigue aggrega-
tion caused by the formation of frail intermetallic compounds (IMC). Still the results
of dissimilar metals in GMAW are better than other processes like oxyacetylene
welding [20].

The quality of metal deposition during GMAW process is dependent on many
process parameters such as the welding current, voltage, polarity, travel speed and
direction etc. Controlling the temperature of the process is very important as it inten-
sively affects the surface quality and dimensional precision. The overall geometric
properties of the components thus depend upon the concentration of temperature and
the condition of heat transfer. This highly depends on the molten pool temperature
which is viable to sudden escalation at the turning points of the path. Therefore, to
strengthen the process, forecasting of the temperature generated plays an important
role. Most of the simulation study of temperature generation has been done in other
processes likeGTAWand Plasma arcAMand that too onmostly thinwalled deposits.
Few studies havementioned that heat accumulation due to temperature concentration
is one of the root causes of substandard mechanical and microstructural features [21,
22]. Grain size and surface oxidation during the deposition process can also be one
of the factors that may cause temperature concentration. The maximum temperature
measurement helps to find distortions and thermal stresses developed in the layer
[23].
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Various simulation and modeling-based studies have been attempted using finite
element analysis (FEA) inWAAM to provide results that can enhance the overall effi-
ciency of the process. For a heat source model, the actual power distribution between
the wire material and the substrate was evaluated using FEA by Montevecchi et al.
[24] in an attempt to reduce distortions and residual stress. Other attempts in the
researchwere done to analyze the distortions using FEMsimulation [15]. An analysis
of single-layer deposition of Ti-6Al-4 V was done to predict micro-plasma dilution
which helped to understand the metallurgical bonding between the deposited layer
and base material and also between the subsequently deposited layers [25, 26]. Graf
et al. [27] proposed a thermo-mechanical model of semi-finished products to numer-
ically predict temperature variation and distortions using FEM. In another study, a
FEMmethod was proposed to calculate the stress and temperature distribution in the
selective laser melting process to predict the position of crack development [28]. Bai
et al. [29] used a secondary heat source in the form of moving induction to develop
a thermal model to reduce residual stress developed in the weld-based deposition
process. Investigation in thermal behavior was done in research using a 3D tran-
sient heat model to study the relationship between temperature gradient and preheat
temperature of base substrate [30].

In this work, simulation has been performed for the GMAW-WAAM process on
one layer of 316L stainless steel for the anticipation of heat dissemination. Thismate-
rial is chosen because it has good corrosion resistance and portrays good mechanical
and microstructural properties at elevated temperatures [31]. Only heat arc-based
temperature concentration is considered. This proposed simulation method also
measures maximum temperature during the deposition process. The consequences of
temperature accumulation at restricting points in the path have been overlooked. This
study will additionally aid in the growth of a responsive supervision and restriction
system to control the thermal anomaly.

2 Computer Modelling for Simulation of Single Layer
Metal Deposition Using GMAW-WAAM

ANSYS 19.2 software was used for modelling and simulation of single layer metal
deposition using GMAW-WAAM. FEA was carried out to find out the possible
variations in temperature on the surface of the product. The temperature generation
and cooling cycle of the sole layer metal deposition has been forecasted using this
method.A3Dmodelwas created and imported inANSYS.Themodel of the substrate
has dimensions of (150× 150× 6mm) and the deposited layer has outer dimensions
of (50× 30× 1.5 mm). The deposited layer has the shape of the letter “E”. A single
uniform moving heat source model acting as the heat arc in GMAW-WAAM was
considered in ANSYS transient thermal analysis system [33]. Figure 3 shows the
mesh model of the prospective deposition. Coarse meshing was applied with an
element size of 3 mm.
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Fig. 3 Meshed model geometry for FEA

The uniform surface mesh method was applied with hexa type meshing. The
metal deposition process follows a set to and fro path to make an “E” shaped layer
of 316L stainless steel. The deposition path for the letter “E” is represented in Fig. 4.
A circular shaped heat source beam with uniform heat distribution was considered
for this simulation having a diameter of 5 mm. It depicts the heat arc in the GMAW-
WAAM process. The values of process parameters used for the simulation process
are listed in Table 1.

Fig. 4 Deposition path of
the heat source model
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Table 1 Process parameters
of the computer modelling
simulation

Parameters Value

Wire feed material 316L stainless steel

Melting point of 316L 1420 °C

Density of 316L 8000 kg/m3

Substrate material Mild Steel

Melting point of mild steel 1510 °C

Velocity of moving heat source 1.00 mm/sec

Radius of the beam 2.50 mm

Source power intensity 18.00 W mmˆ−1 mmˆ−1

Ambient temperature 22 °C

The simulation model records temperature values at the surface of the deposited
layer. The simulation is equivalent to 500 s of the deposition process and during
this time heating and cooling values have been measured. This model shows the
minimum, maximum and average temperature value achieved by the deposited layer
during the deposition process.

3 Results and Discussion

The metal deposition process was simulated over a period of time for a single layer.
During this time, the layer went into an uninterrupted cycle of cooling and heating.
The temperature distribution can be seen in Fig. 5. A gradual increase can be seen in
the temperature values as the heat source deposits the material followed by gradual
cooling. As illustrated in Fig. 4, the temperature of the deposit (molten material)
increases near the turns owing to the fact that heat arc stays above a particular area
during a turn. This causes heat accumulation in the deposited material. The ANSYS
simulation verifies this anomaly comprehensively. The temperature values are given
in Table 2. It can be seen that at around 55 s, as the heat source is moving towards
the turn and the temperature of the deposit is noted to be 1546 °C. During the turning
phase at 60 s, this value spikes at 1642.4 °C and again after the turn is completed the
temperature value drops down to 1543.9 °C (at 65 s). It can also be seen that there is no
significant temperature rise during the intermediate positions of deposition. Figure 6
shows the magnified visuals of the temperature increase during turns and constant
temperature region during the intermediate deposition process. A similar trend in
temperature concentration is observed during the turns throughout the deposited
layer.

The temperature history during the deposition of 500 s was recorded and is illus-
trated using a graph in Fig. 7. As shown in the graph, the green line represents the
peak temperature value achieved by a specific area of the deposit. The blue line repre-
sents the average temperature of the deposit of a particular area during the whole
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Fig. 5 Temperature variation representation in ANSYS

Table 2 Temperature values
during initial 100 s of
deposition in steps of 5 s

Time (s) Minimum
temperature
(°C)

Maximum
temperature
(°C)

Average
temperature
(°C)

5 22 1507.3 26.387

10 22 1498.1 30.891

15 22 1519.8 34.551

20 22 1538 38.16

25 22 1450 41.937

30 22 1502.1 45.663

35 22 1442 49.448

40 22 1521.3 54.08

45 22 1594.1 58.852

50 22 1529.7 63.903

55 22 1545.9 69.333

60 22 1642.4 74.017

65 22 1543.9 77.909

70 22 1542.6 82.545

75 22 1598.3 87.036

80 22 1640.5 91.626

85 22 1617 96.287

90 22.001 1553.9 100.79

95 22.001 1630.5 104.64

100 22.003 1613.7 109.11
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Fig. 6 Temperature variation near the turns and midway region

Fig. 7 Temperature of the deposit verses deposition time graph
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500 s of deposition. Similarly, the red line indicates the ambient temperature for the
whole course of the deposition.

From these results, it canbe concluded that temperature concentrationdoes happen
in such paths of depositionwhere 180° turns occur. This concentration in temperature
causes changes in the properties of the molten pool thereby disturbing the stability
of the pool. This can also cause slight changes in the geometry of the product. Since
the whole GMAW-WAAMprocess involves deposition of multiple layers of material
addition, this concentration in values of temperature can lead to substandard deposi-
tion. Hence, the presented model agrees with the fact that temperature concentration
is an anomaly in similar paths of deposition.

4 Conclusion

In this work, GMAW-WAAM process has been simulated by a FEM based model
which forecasted the temperature dissemination in the component. The single layer
metal deposition was simulated by using a moving heat source model based on
the heat arc of GMAW-WAAM. From results of the study, it can be concluded
that at the turning points of the path, accumulation of heat and temperature were
observed. The highest temperature observed at all turning points was up to 1893.3 °C
whereas at other points temperature remained under the melting point temperature.
This sudden escalation of temperature may cause the geometric properties of the
product to degrade. Hence, the developed model can additionally aid in the growth
of a responsive supervision and restriction system to control the thermal anomaly.
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Abstract Functionally graded materials (FGMs) are classified as advanced mate-
rials, which are gradient in mechanical properties throughout the structure and speci-
fied according to their heterogeneous components/compositions. FGMs can be fabri-
cated using a variety of well-established processing methods; however, it is also
known that there is a huge scope and need of newer technologies. Emerging tech-
nologies like additive manufacturing provide a higher level of spatial resolution
control and offer an interesting way to conquer the problems of existing methods.
AM build each of the single or multiple layers by incorporating selective deposition,
and as a result, provides precise control over composition and multiple structures
at the micro-level; such excellent in process control, AM could be used to fabri-
cate complex FGMs with multiple functions and directional gradient frameworks. In
this chapter, we discuss and provide a brief overview of methods of fabrication and
research progress of FGMs via AM route which includes stereolithography, mate-
rial extrusion, laser-based AM like laser engineered net shaping (LENS), selective
laser sintering (SLS), selective laser melting((SLM), binder jetting and hybrid AM
techniques like wire arc additive manufacturing (WAAM) and friction stir additive
manufacturing (FSAM). We also highlight the various key aspect related to design
and operational strategies, structural and mechanical properties of FGMs fabricated
via AM route.
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1 Introduction

Additive manufacturing (AM), a nuanced iteration of 3D printing, is described as
a procedure of joining substances together to fabricate objects which take guidance
from data provided through designing software, commonly via layering technique,
when compared to contrasting subtractive fabrication procedures. Widely known as
additive manufacturing, this procedure has taken many names as per the convenience
of the developer or consumers, like additive fabrication and free-form fabrication
[1]. An exhaustive definition of the technique can be, that segments are realized by
the virtue of layer after layer deposition of material, as juxtaposed to the conven-
tional process, which is initiated at inventory stock [2, 3]. AM procedures have
the capability of producing excellent net-like structures directly derived from CAD
data, which leads to the formation of objects as a single unit, which eliminates the
hassle of producing fragments and subsequently joining the same. Figure 1 shows
the general sequential flow of processes in the AM technology [4]. The techniques
enable the formation of abstruse 3D designs, obviating the requirement of custom-
made tools and fixtures. Numerous other advantages include independence towards
material selection, decrement in expenditure, significant curtailing in residue, along
with cutbacks in processing time [3]. This breakthrough technology pushes themanu-
facturing capability to such an extent that the intricacy in fabricated objects relies on
CAD expertise, which in turn depends on the innovating tendency of the engineer.

TheASTMF42 technical committee grouped a good sort of AM technologies into
the seven classeswhich areVat Photopolymerization,Material Jetting,Binder Jetting,
Material Extrusion, Powder Bed Fusion or PBF, Sheet Lamination, and Directed
Energy Deposition or DED [5].

Functionally graded materials derived through Additive manufacturing method-
ologies provides the employer with the advantage to fabricate singular materials,
along with an enhanced pace of operation, which is made possible owing to the

Fig. 1 AM process flow chart [4]
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compositional gradient of an FGM, conclusively improving the categorical efficacy
of the process [6, 7]. The planning and production of FGMs extracted from AM
is restricted to the uncertainty of how the AM system is often applied by selecting
the fundamentals. The major factor influencing the determination or selection of the
ideal AM process is product geometry, so is the technique employed to optimize
efficiency. Selection of methodology often requires discernment, regardless of the
material category involved. Thus, the suitable technique would rely on sophisticated
forethought, along with the configuration of the segment. To achieve the formation of
functionally graded materials with distinguishable gradient characteristics, relevant
academicians and researchers have sorted AM methods into Laser-based methods
[8], SLA or stereolithography method [9], materials jetting process [10], material
extrusion (fused deposition modeling) [11, 12] and hybrid additive manufacturing
methods like wire arc additive manufacturing (WAAM) [13] and friction stir additive
manufacturing (FSAM) [14].

These above-mentioned sub-techniques of AM procedure would be elucidated
intimately in the following sections. All these methodologies have been delineated
concerning their relevance with FGMs fabrication. Moreover, state-of-the-art devel-
opments and findings in the corresponding technique have also been provided and
epitomized.

2 Stereolithography

Stereolithography or SLA is a rapid prototyping technique put in practice by Charles
W. Hull in 1984 when he filed a patent for the ownership of the same, which was
accepted in 1986. In its initial days, the technique was employed as a 3D printing
technique to fabricate objects. The object that needed to be realized, was “printed”
on top of a vat surface stuffed with a photosensitive polymer in aqueous form. For the
printing job, a focusedUVbeamwould reactwith the photo-polymeric surface, owing
to its property of instigating intermolecular bond generation, to form sections and
projections on the surface according to the pre-decided design, and hence achieving
the realization of the desired 3D object [15]. Figure 2 shows all the components
required in the stereolithography process. Iterations in the SLA procedure included
the incorporation of CAD software for creating soft versions of parts and to serve as
the guiding agent for the UV light. Highly focused UV beam on the photo-polymeric
vat forms required configurations, and the platform is then brought down to the
height of the layer to commence pouring of untreated resin on top of the first layer,
which would then be reacted upon with the UV beam, and the process continues,
layer after layer, until the desired 3D object is fabricated. Although it has been
found that the yield of photopolymerization reaction is limited to 95%, and thus,
the resultant structure is further sintered to make up for the limitation [16]. Popu-
larly used in industrial operations, SLA based on the right-side approach has been
a widely used method for preparing 3D objects since the inception of the technique
itself. The technique employs comparatively bigger tanks filled with resin for the
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Fig. 2 A schematic of the stereolithography process [18]

fabrication of 3D objects. The costs associated with the establishment, maintenance,
and scale of objects fabricated, are very high in the case of the right-side method.
Thus, it is more frequently used in industrial sectors. Later, a rather breakthrough
methodology, namely an inverted or upside-down approach, was able to obviate the
drawbacks found in the right-side method. This new approach enhanced the scope
of stereolithography printers, as they got more affordable and required less space for
operation owing to the presence of a significantly smaller resin container [17].

2.1 FGMs Fabrication Through Stereolithography

Although the incorporation of SLA in AM and subsequently FGMs manufacturing
is new, various efforts have been made in the past few years to show the potential that
SLA possesses towards the hassle-free and efficient fabrication of FGMs. Liu et al.
used structural idealization in concord with stereolithography, to obtain permeable
functionally graded structures as shown in Fig. 3 [9]. Also, Gonzalez et al. adopted
ceramic SLA to fabricate FGM for serving the purpose of the medical implant. The
experiment successfully converged in the formation of a Hemi-maxillary resembling
implant alternative comprising of a concentrated surface characteristic packed with
the permeable or honeycomb-like structure in the inner region. The solutions used for
fabricationwere oxidized aluminium and polymeric-based. The examination through
FESEM showed that the resultant ceramic FGM had a permeability of less than a
percent along with no trace of initial construction [19]. H. Xing et al. modified the
basic stereolithography technique to suit the need for 3D printing. Fabricating 3D
parts without switching to a different gradient is a common process but it can’t be
adopted due to its inability to produce complex geometry. Hence, they strategized



Fabrication of Functionally Graded Materials … 195

Fig. 3 a Stereolithography (SLA)method procedure for fabrication of FGMs bOngoing procedure
of FGM part fabrication showing production and post-processing [9]

a new approach based on the SLA principle and deployed it for the fabrication of
complex multi-ceramic material, Al2O3-Si3N4. The FGM was printed in a single
gradient and showed excellent adhesion between molecules of each other. Also, the
microstructure that was obtained had praiseworthy thickness with no permeability.
Moreover, debinding and sintering were employed on top of the actual experiment to
achieve the complex shape, alongwith insignificant defects or cracks in the geometry.
Steps are shown in Fig. 4 for producing Al2O3-Si3N4 FGMpastes for SL-3D printing
[20].

3 Material Extrusion

Material extrusion was recognized as fused deposition modeling around the time of
its inception. S. Scott Crump initiated this technology in 1989, and later on, he and
his wife co-founded Stratasys Inc., which holds the copyrights for FDM procedure
and terminology [21]. Material extrusion is the most popular additive manufacturing
technique owing to its availability, affordability, and ease of operation. It employs an
unthwarted filament of composite, which can also be a thermoplastic substance, to
fabricate 3D sections and constructions. Figure 5 shows the schematic of the FDM
process [22]. The word extrusion in the process name is derived from the fact that
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Fig. 4 Steps of making
Al2O3-Si3N4 FGM pastes
for SL-3D printing [20]

the plastic-based filamentous material is fed through a nozzle that extrudes from the
device. This nozzle also plays the role of heating the inputted composite for smooth
spreading and flow on the target platform. The heated material is then deposited onto
the surface in a layer-wise approach [23]. Resistive heating is provided near the tip of
the nozzle, and it keeps the deposition plastic at a temperature little over ebullition,
to enhance the speed with which layers get formed and solidify on the platform [24].

Material extrusion has developed greatly in the last decade, and that has led to
the inclusion of the same in the ASTM F42 committee’s list of seven major AM
procedures, along with DED, SFF, just to name a few [25]. Numerous boons of
implementing material extrusion for the development of 3D objects include low-cost
setup and cheap material, and environment-friendly deposition substances involved
in the process. Although, once the object is fabricated, it usually requires additional
surface enhancing or smoothening procedures to reach the desired quality criteria.
Also, as the nozzle traces the entire platform for layering, it requires a buttress
to thwart the undesirous motion of the nozzle [26]. Some of the popularly used
deposition composites are ABS or acrylonitrile butadiene styrene [27], polyethylene,
and polypropylene, as these materials have excellent strength and nonflammability
[28].
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Fig. 5 A schematic of the FDM process [22]

3.1 FGMs Fabrication Through Material Extrusion

It was found that using a multi-nozzle system in place of a single nozzle one, FDM,
or material extrusion technique portrayed praiseworthy potential for being used as
an FGMs fabricating methodology. Researchers across the globe are taking steps
towards an exploration of this procedure and coming up with various unique iterative
ways to better the process and enhance the scope of the same. Leu et al., in the
quest to fabricate FGM, via FDM developed a triple extruder with three nozzles, to
keep the compositional gradient tractable. Their group developed functionally graded
Al2O3 with zirconia or ZrO2 and was successful in achieving a smoother gradient
as shown in Fig. 6. In furtherance, the spectroscopy characterization technique was
performedon the resultant FGMto confirm the advancement [29].Another successful
attempt to produce FGM through material extrusion was undertaken by Singh et al.,
who prepared FG SiC/Al2O3. The resultant product was analyzed for its mechanical
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Fig. 6 Diagrams shows aDesign of triple extruder mechanism b Fabrication of FGM bar of Al2O3
and ZrO2 through FDM [29]

characteristics, and it was concluded after a discerning study of the same, that the
heat conductivity of the material barely showed any comparative difference [30].

Srivastava et al. also simulated and analyze the mechanical properties of the
proposed FGM virtual model using the FDM technique [31]. Scope of FDM tran-
scended to the medical field through the work of Khalil et al., who materialized a
quadrupled extruder system, with four acting nozzles. These nozzles were capable of
producing volumes, as small as 10–12 L, of hydrogels. Their group was able to fabri-
cate functionally graded scaffolds through FDM while using the extruder nozzles to
layer the platform with gel instead of a solid substance [32].

4 Laser-Based Additive Manufacturing

Laser-basedmethods for additivemanufacturing have long been considered as one of
the most efficient, affordable, and non-laborious techniques to manufacture geomet-
rically complex 3D parts as a single unit. These methods employ a heat source in
form of a laser comprising either electrons or ions. CAD, or computer-aided design,
the software is brought to use in these techniques, as it creates layered cross-sections
of the whole unit, that need to be manufactured at the end. Subsequently, the heat
source creates desired geometry on ametal powdered substrate, with the aid of a high-
energy laser beam. The beam creates a metal pool, which gets solidified instantly,
and sections deposited portray excellent density along with rarefied microstructural
properties, hence resulting in a high-quality resultant material [33, 34]. LENS, SLS,
and SLM are nuanced techniques that make up the laser-based methods for additive
manufacturing as shown in Figs. 7 and 8 respectively. The procedures are distin-
guished based on theirmode of operation employed to fabricate layers. LENS follows
to point method, which includes targeting a single site and focusing the laser beam
along with the powdered deposition material at the selected location.

To juxtapose, SLS or selective laser sintering employs a layer-by-layer approach,
in which a metallic powdered bed is laid down and the laser beam is used to sinter
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Fig. 7 Schematic diagram
of the LENS process [35]

Fig. 8 Schematic diagram of the SLS/SLM process [36]

the powder along a pre-determined path leading to the formation of highly clari-
fied microstructures. SLM or selective laser melting is similar to SLS, but it differs
with the intensity of the laser beam, which is used to melt, instead of sintering the
powdered layer. Both SLS and SLM share numerous similarities and thus both are
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capable of producing a sophisticated blend of constituents on the FGM at a direction
perpendicular to the surface of the powdered layer [37–40].

4.1 FGMs Fabrication Through Laser Engineered Net
Shaping (LENS)

Laser Engineered Net Shaping (LENS), also known as Laser Direct Metal Deposi-
tion (LDMD), or simply Direct Metal Deposition (DMD), or Direct Energy Depo-
sition (DED), has recently gained momentum and has been frequently used to
fabricate and characterize FGMs, glut proof of which can be found in the liter-
ature. DED methodology is the most convenient and flexible when FGMs are the
required outcome.When compared to other processes like PBF or powder bed fusion,
DED surpasses the provided advantages owing to its ability to produce a variety of
FGMs ranging from thick deposition layers to bulk parts. It works regardless of the
nature of the gradient (continuous or discontinuous), and simultaneously produces
FGMs with enhanced mechanical, adhesive, and chemical properties (microstruc-
tures) [41]. Since its advent, DED has been constantly used by researchers to study
the microstructural characteristics, mechanical properties, and parametric studies
of the material. Kim et al. successfully applied DED for fabricating multi-layered
materials (MLMs) with a composition of 316L stainless steel and ferritic steel [42]
and stainless steel 304 L (SS304L)/IN625 FG parts fabricate and studied intricate
microstructural layers and their smoothness with regards to its gradient structure as
shown in Fig. 9 [43]. LENS process is also used to fabricate porous functionally
graded parts to minimize the wear for implants as shown in Fig. 10 [44]. Javidani
et al. adopted the DED technique to produce AlSi10Mg alloy and further went to
characterizing the structural evolution of the prepared material both at the macro and
micro levelwith the help of opticalmicroscopy [45]. Theworking procedure of LENS
or DED is that a film of material that needs to be deposited on a substrate is formed
with the help of a focused point-based approach, which includes directing powdered
material towards the substrate, along with sending laser beam for the heating purpose

Fig. 9 a Gradient alloy of
SS304L/IN625. b FGM part
of SS304L/IN625 after
fabrication through LENS
process [43]
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Fig. 10 Porous titanium parts fabricated through LENS process a parts with total porosity Greater
than 50 vol.% b functional hip stems with designed porosity produced through LENS [44]

at an angle for the direction of powdered material. This contact between powder and
laser beam results in rapid solidification of material on the surface of the substrate.
Thus, the singular property of LENS, to adopt the point-based approach to create
discrete compositions at different sites on the surface of the substrate, allows LENS
to produce sophisticated FGMs [6]. LENS has been successfully adopted and applied
to thwart or slow downwear and tear in machinery, and automobile parts and compo-
nents. In contrast to these advantages of LENS, a major drawback is the quality of
prepared products, as it doesn’t satiate industry requirements [46].

4.2 FGMs Fabrication Through Selective Laser Sintering
(SLS)

SLS uses powder as the building block to produce the final product, similar to LENS.
The difference lies in the technique, which in the case of LENS is blown-powder and
SLS uses the powder bed technique. Similar to LENS, SLS also can produce FGMs
owing to their property of creating different compositions and constituents at discrete
site locations throughout the powder bed [47]. SLS employs the laser beam energy
to create three-dimensional elements, aiding from the designed outcome on 3DCAD
software. The laser beam follows the path dictated to sinter the particles of the powder
bed, and in turn solidify together. Decrement of powder bed is observed once the
first layer is finished, and powder is leveled in an attempt to smoothen the surface for
subsequent laser operation [48]. Using SLS provides numerous advantages towards
the development of FGMs like better command over composition, and flexibility in
the construction plan. Leiti et al. produced functionally graded PA12/HDPE parts by
employing SLS and further performed characterization techniques to conclude that
the resulting product showed varying constituent gradients as the site of observation
on powder bed changed [49]. Figure 11 shows the FGM part of Nylon-11/silica
nanocomposites fabricated by the SLS process [50].
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Fig. 11 FGM part of Nylon-11/silica nanocomposites fabricated by SLS process [50]

4.3 FGMs Fabrication Through Selective Laser Melting
(SLM)

Selective LaserMelting (SLM), also known asDirectMetal LaserMelting (DMLM),
or Laser Powder Bed Fusion (LPBF), is a slightly nuanced technique compared to
SLS, owing to the intensity of laser beam employed in this process. SLM uses a
higher intensity laser beam to further heat the conjunction of laser and metallic
powder particles, to completely melt the powder bed at specified sites. Subsequently,
beds of powder are added once one layer is completed, until the objective is achieved
[46]. Both SLS and SLM are often used interchangeably, because of the similarity
they share in working principles. In comparison to LENS or DED, SLM employs
a larger number of metals, and it’s also used more frequently than SLS to obtain
FGMs with enhanced strength [47]. SLM has great potential for the production of
complex FGMs, and the same can be found in the relevant research literature. In 2020
only, Xiong et al. created porous Ti6Al4V scaffolds using the SLM technique, in
two discrete geometries (diamond and honeycomb-like building blocks) to innovate
orthopedic alternatives for bone for the load-bearing purpose shown in Fig. 12. They
concluded, after performing characterization and properties evaluation techniques

Fig. 12 CADmodels and the produce FGMparts of Ti6Al4V scaffolds comparison and also shows
the pore size in the fabricated parts [51]
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on the resulting FGM, that honeycomb unit cell-based scaffold portrayed the highest
yield strength, and appreciably stable mechanical characteristics [51].

5 Material Jetting

Material Jetting (MJ) is a widely used 3D printing technique, which gets an edge
over the similar methodologies available in the market due to its user-friendly inter-
face, along with better pace, flexible nature, and glut presence of materials. These
characteristics make the technology applicable in working places where frequent
usage of the device is expected, and also in prototyping procedures. Well known
as photopolymerized inkjet printing methodology, MJ has working criteria similar
to that of vat photopolymerization, which nebulously includes SLA or stereolithog-
raphy, which has been delineated in previous sections. In MJ single unit object is
prepared in a layering manner through the introduction of liquefied photopolymer
through a sequence of print nozzles as shown in Fig. 13 [52, 53]. The two techniques
follow the same fundamental chemistry throughwhich both are connected.Although,
juxtaposing both techniques, inMJ the resin that needs to be deposited doesn’t rest in
a vat. As instead, the printers in MJ introduce the resin on the face of an object being
constructed, which subsequently gets treated by ultraviolet rays [54]. Further, as the
layers get deposited, the object under construction moves downward and subsequent
layers are printed one after the other. Moreover, for supporting purposes, often mate-
rial similar to wax is deposited through the same resin dispenser, which is detracted
once the procedure is finished [52–55]. Accessibility to multiple nozzle units enables
the technology to dispense up to fourteen substances into the object being constructed

Fig. 13 A schematic diagram of the material jetting process [61]
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simultaneously, ending up with a resultant configuration possessing distinct charac-
teristics [56]. Practically, the printing devices based on material jetting, consist of
over a hundred nozzles on average. Deposition substances also can be chosen from
a wide variety of alternatives, namely, numerous types of inks, waxes, plasticized
substances. Material jetting has also transcended into the medical sector, owing to its
versatile and flexible nature, as it has been employed to create biological substances
like representational three-dimensional replica for surgery purposes especially in
heart problems [57–60].

5.1 FGMs Fabrication Through Material Jetting

From the perspective of FGMs fabrication, MJ portrays excellent potential for being
deployed as a technique for the fabrication of advanced composites and gradedmate-
rials, with versatile properties [62]. Material Jetting provides a unique advantage of
processing larger versions of objects, as compared to other methodologies like FDM.
Also, owing to its property of deploying multiple sets of extruded nozzles, MJ is
capable of outputting objects with a wide variety of characteristics, thus making
it more flexible of a technique to be employed for FGMs fabrication. Kaweesa
et al. investigated the fatigue properties of multi-material parts fabricated using
this process and The study compared samples with continuous or step gradients
at different lengths of gradients in the material gradient transition zone of build parts
as shown in Fig. 14. The result shows that better fatigue properties due to shorter
material gradient transition lengths. However, improved fatigue life and Interfacial
failure were more frequent in stepwise gradient samples [63]. The FEA analysis
was performed to evaluate the mechanical performance of printed digital material
by the material jetting process. The digital material is an advanced composite fabri-
cated by using different photopolymers at a specific ratio. The result of the strain
distributions anticipated using FEA simulation was similar to the uniaxial tensile test
result. However, The desired strain field can be achieved by changing the ratio of
digital material locally [10]. PolyJet functionally graded additive manufacturing is
less useful due to material limitations and the cost of materials is also very high [64].
Apart from a large number of print heads that can be used for manufacturing the

Fig. 14 Build fatigue samples showing a stepwise gradient (top) and a continuous gradient (bottom)
in the material gradient transition region [63]
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FGMs with a variety of gradient structures across all the directions, material waste
is significantly higher due to the materials used to make the substrate and to clean
the nozzle [65]. The FGM parts fabricated through the material jetting process have
applications in various fields such as the medical and dental fields [48].

6 Wire and Arc Additive Manufacturing (WAAM)

Among the various methods described above, which have been contributing towards
the swift production of FGMs, another interesting method, that is proliferating and
has been the topic of interest among researchers is WAAM or Wire and Arc Addi-
tive Manufacturing method shown in Fig. 15. The stand-out characteristic of this
technique is its ability to seamlessly create comparatively larger parts due to the
significantly higher material unloading rate [66]. Ever since its inception, WAAM
has been classified differently by different researchers as well as standard societies.
According to ASTM F2792-12a, WAAM has been put under the category of DED or
Direct Energy Deposition [67], which has been discussed above. Simultaneously, it
has also been portrayed as an entirely different AM technique called Solid Freeform
Fabrication (SFF) [68]. WAAM’s working principle is similar to that of automatic
welding procedures, like gas metal arc welding (GMAW) among others. WAAM
constitutes an electric arc that works as the heating element and a deposition metal
wire acting as the feed material.

Fig. 15 A schematics showed a WAAM process [69]
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6.1 FGMs Fabrication Through WAAM

Kannan et al. adopted GMAWbasedWAAM to produce outstandingly bonded FGM
comprising of SS904L, which is a super austenitic stainless steel, with Hastealloy C-
276. The final fabricated FGM showed excellent tensile and yield strength along the
construction axis, 680.73 MPa and 311.08 MPa respectively, thus lucidly portraying
the degree of reliability of FGMswhich can be fabricated throughWAAMprocedures
[70]. Chandrasekaran et al. successfully fabricated FGMs having the constituents
as duplex stainless steel and carbon-based manganese steel, which resulted in an
alloy impermeable by corrosion. The FGM has shown in Fig. 16 was fabricated
through GMAW based WAAM and portrayed the ultimate strength of 485 MPa,
which was found to be 6% higher than the conventional X52 steel, and thus showed
suitability towards application as marine risers [71]. WAAM was also used to build
FGM of SS321 and Inconel 625 and the result reflects a variety of microstructural
characterization along with build direction. The SS321 region shows similar and
columnar dendrites while fine, columnar, and cell-form dendrites were incorporated
by the Inconel 625 layers [72].

7 Friction Stir Additive Manufacturing (FSAM)

Friction stir additive manufacturing (FSAM) provides significant benefits over
conventional techniques, like better management, when FGMs are the required
output. FSAM derives its working principle from the long-known welding tech-
nique friction stir welding (FSW) [73, 74]. In the FSWmethod, friction is generated
owing to a rotating element joined with a pin or needle-like protrusion, rested on the

Fig. 16 FGpart of compositionStainless steel and carbon-manganese fabricates byWAAMprocess
[71]
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Fig. 17 A schematics of the
FSAM process [76]

surface. Welding is realized by the virtue of generated friction, along with pressure
force and the downward acting force [75]. The protruding needle simultaneously
instigates motion in the material. Showing stark similarities to the FSW procedure,
FSAM consists of a vertical set of subsequently joined layers with an overarching
tool and pin setup, similar to that of FSW, which crosses over the layers making a
face-to-face contact as shown in Fig. 17 [76].

7.1 FGMs Fabrication Through FSAM

Different factors influence the FSAM procedure, especially for FGMs realization.
Miranda et al. adopted depth, reinforcement distribution, and variation in hardness for
evaluation of produced functionally graded advanced composite of aluminium alloy
strengthened with SiC along with Al2O3 [77]. The features of the tool in use play a
pivotal role in determining the final nature of microstructures and mechanical prop-
erties of the nugget [78–80]. Saleh et al., by deploying friction stir welding (FSW),
fabricated functionally graded Al 6061/SiCp advanced composites to determine the
nature of microstructures and to study the mechanical properties. They found out,
that due formation of the graded zone along with desired width, the hardness of the
FGM was enhanced by a factor of 3.2, in contrast to that of the elemental form. The
ultimate tensile strength was also found to be appreciably enhanced throughout the
composite [48]. Sharma et al. developed a mathematical model for controlling the
gradient properties of aluminum+ TiC functionally graded composite over a prede-
fined length. The result observed a variation in mechanical properties. Yield stress
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Fig. 18 Local stress–strain relation at various points [14]

and young modulus were evaluated by using the stress–strain diagram as shown in
Fig. 18 [14].

8 Future Outlook

Numerous studies show that additive manufacturing processes can revolutionize the
manufacturing industry in the upcoming time. It can produce parts of complex geom-
etry with creating negligible waste. However, these techniques may also be able to
print parts using the most available materials such as polymers, metals, and alloys.
Researchers point out that due to the various benefits of FGMs, these materials have
many applications in the fields of the aerospace sector, defense sector, bio-medical
sector, optoelectronics sector, energy sector, marine sector, commercial sector, etc.
The use of additive manufacturing processes for manufacturing FGM parts opens
new avenues for applications of FGMs in various fields. Production of FGMs at low
cost with superior mechanical properties and performance, further investigation still
needs to bedone for future development of FGMsand theirmanufacture through addi-
tive manufacturing. Although additive manufacturing is under-going high-quality
research and development, some important aspects like process, materials, simu-
lation, testing, mass production, etc. require more research so that it can be more
reliable than traditional processes. The development of precise multi-material depo-
sition capacities in additive manufacturing is also an important aspect of an investi-
gation due to its effectiveness in gradient properties. Hybrid AM technology, such
as WAAM and FSAM, can play a significant future role in the creation of FGMs at
high speeds along with enhancing mechanical performance. It is therefore important
to focus on overcoming the limitations of these processes and to make them more
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effective in the context of manufacturing FGMs parts. Overall, the combination of
additive manufacturing and FGMs has tremendous potential to revolutionize various
application areas.

9 Concluding Summary

Additive Manufacturing processes are the advanced fabrication techniques that can
produce parts with intricate shapes and complexity in the structure using a 3-
dimensional CAD model and adding material in a layered fashion. There is a lot
of interest in the fabrication of FGMs via AM route. As per the working principle of
AM techniques, these are best suited to fabricate complex geometries with gradient
properties in a precise way. AM processes are capable to fabricate numerous combi-
nations of different materials like metals, alloys, composites, and ceramics having
different structural arrangements. Various AM processes can fabricate FGM parts
and in this chapter, major AM processes have been discussed. These processes are:
stereolithography; material extrusion (FDM); laser-based AM processes; material
jetting (PolyJet) process and hybrid AM processes like WAAM and FSAM. The
working principle of these processes was defined, and various research work done
under these AM processes were also presented and summarized in this chapter. We
discuss the various aspects of fabrication of FGMs via AM process and recent devel-
opments in terms of materials, properties, design strategies, structural arrangements,
etc. AM technologies providing the freedom to fabricate FGMs regardless of the
different challenges like intricacy in shape, the complexity of the structure, like a
large number of process parameters and their optimization, precise phase combina-
tion, microstructure, etc. There Researchers and academicians have shown that there
are great advancements and future scope in the field of FGM fabrication via AM
processes.
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Enhancing the Fracture Toughness
of Biomimetic Composite Through 3D
Printing

Sugumari Vallinayagam , Karthikeyan Rajendran , A. K. Ramya ,
R. R. Remya , and Leeba Balan

Abstract Strength, toughness, and anisotropy are all important mechanical features
in 3D printing. Unfortunately, strength and toughness are frequently antagonistic,
making it difficult to improve both at the same time. Here, a biomimetic composite
is proposed to increase both the strength and toughness with in-plane isotropy.
The optimal rotational angle, ultimate strength and toughness can be improved
around 100%, respectively, along with good in-plane isotropy. The mechanics of the
improvement, the fracture surface is investigated, and a finite element (FE) simula-
tion is carried out. By keeping the stress at amodest level andmaximising the fracture
surface during its propagation, ideal mechanical characteristics can be achieved at
a specific rotational angle. This approach is straightforward, adaptable, and has the
potential to provide good mechanical reinforcement in extrusion-based 3D printing.
This paper provides a critical view of the state of the 3D printing of composites of
natural fibre or biocomposites for mechanical purposes and an overview of their use
in 4D printing in stimulating applications. Due to unique process advantages such as
rising porosity, Natural discontinuous, improved polymers with a low fibre content
and very low fibre aspect ratio (L/d) have mild mechanical properties in comparison
with standard composites. Fibre material, fibre control and fibre quality are defined
in response to established diagnostic problems.
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1 Introduction

Due to its ability to achieve complex Geometry, 3D printing technology is commonly
used in aerospace, automotive and biomedical applications. Although it is used for
making parts beyond the prototyping stage, the less mechanical characteristics of
3d printed parts have convert an important challenge for industry, especially for 3d
printing technologies like FDM and ink writing (DIW) [1–5]. For these technologies,
poor interfacial bonding, low infill density, and the anisotropyof the extrudedfilament
cause inadequate strength and strength which are greatly affected by the direction
of infill [6]. Arbitrary geometry potential microstructures and have encouraged an
increase in the analysis of biomimetic composites. For example, staggered bone-
inspired microstructures were printed with a multi-material printer which increased
fracture energy by over 10 times under a static tensile load. The function of osteo-
shape, interfacial waviness andmineral bridgeswas examined using similarmethods,
which uncovered the design motives of biomaterials [7–9].

Creatures consist of basic and complex organic materials organised in a complex
hierarchy of nano to microeconomic dimensions. The biological materials’ para-
metric structure has been developed and is basically multifunctional. The beings
in nature after millions of years have almost perfect structures and functions. The
Arapaima gigas fish scale for example is a synthetic body arms with excellent
mechanical characteristics and high flexibility. Spider silk, nacre, and collagen,
such as Bouligand, are all showing very good structures in shrimp claws [10–12].
Different plants (building pads, Flowers) and animals also have significant survival
form changes and reproductive properties. In addition to thermal conductivity, many
animals have other physical properties critical for their survival. The shark-skin
surface morphology decreases drag forces in water dramatically, for example, from
a hydrodynamic point of view, while the thermoplastic composition of the egg-beater
surface in South East Brazil, Salvinia Molesta, ensures that the free-floating plant
keeps booming in water. Animal vascular systems consist of efficient, multi-faceted
blood vessel networks that carry oxygenated tissue blood, as well as the removal of
CO2 and industrial waste (Fig. 1).

Multifunctional biological systems and materials create an extraordinary variety
of sensory skills in living organisms [13–15]. For instance, composite insect lips,
in terms of visual sensory organs, concentrate on providing a wrapping view to
allow people to look at each action, while an eagle’s eyesight is four to eight times
better than the average human. The human epidermis is very sensitive to move-
ment, temperature and humidity [16, 17]. From an electro-chemical (galvanic) reac-
tion point of view. An example of advanced ultrasonic condenser detection in bats
reveals a highly precise environmental echolocation capability. These Biological
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Fig. 1 Biomimetic microstructure architecture. a Brick and mortar microstructure in the abalone
shell’s nacreous layer.bThecrackmechanism found in the conch shells is seen in the top.Underneath
is the branch-lamellar (left) and the cross-lamella (right) Microstructures that imitate the shell’s
tough layer. c The concentrated hexagonal microstructure that simulates the structure of the bone
osteon. d The stomatopod dactyl club rotating plywoodmicrostructure. The photos of a, c and d can
be adapted respectively. The grey and blue colors in the schemes reflect both the hard and the soft
step. The geometric parameters defining the unit cells are also labelled

abilities and characteristics go beyond conventional engineering frameworks [18–
21]. In addition to 3D polymers. In a selected process of laser melting, metals with
dislocations arranged in hexagonal networks are printed, simultaneously increasing
strength and ductility. Furthermore, magnetic fields and nozzle rotation are used
to control fibre directions. To organize concentration, layered and spiral patterns
that give tuneable stiffness and > 100% strength enhancement. In recent times, a
number of bioinspiredmicro structures have been incorporated in one specimen using
hierarchical/hybrid design techniques to increase impact resistance and customized
dynamic performance combinations six times [22–25].

In this paper,we propose using a parallel-scan approach to improve themechanical
properties of 3D printed parts. Uniaxial tensile tests are a useful tool for determining
mechanical properties, especially strength and toughness [26]. The toughness mech-
anism is then explained using various fracture surface analyses, which may aid in
a better understanding of the tool-path optimization strategy. With the information
presented in this chapter, both strength and toughness can be significantly improved
simply by altering the rotation angles in the printing tool path; no special equipment or
complicated material treatment is necessary [27–30]. This could be a very practical,
low-cost, and broadly applicable technique for improving mechanical characteristics
in 3D printing.
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2 Composites Using Fields-Assisted 3D Printing

The excellent mechanical properties in anatomic tissues are described by miner-
alized polymers. These composite materials consist of mineral enhancements like
Calcium or silica Hydroxyapatite, biopolymer cell layer, such as collagen or chitin.
Additive manufacturing grows for structural applications, from single materials and
multimaterials to nanocomposites and 3Dmultipurpose printing. To reinforce the 3D
impressed structures the addition of microfillers (e.g. ceramic platelets, micro-fibres)
and nano-fillers (e.g. carbon nanotubes, graphenes, etc.) was developed [31–35]
(Fig. 2).

The combination of shear, electrical and magnetic field methods and 3D printing
has been developed to imitate biological structures in order to achieve anisotropic
mechanical features with controlled filled coordination. These are classified as ‘3D
Field Printing’ and discussed in the following pages [36].

Fig. 2 3D printing and biomimicry integration, with 3D printing technology categories shown in
the Figure
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3 Supported Shear Force 3D Printing

The cellular water architecture is supported by rigid fibres and the low balsa weight
of the pore web are two main buildings or installations in the environment. The shear
strength was developed to reproduce these structures to obtain polymer resin aligned
silicon carbidewhiskers and carbon fibres. Force alignmentwas used to stabilise each
wall Because of shear stress when extruding [37–41]. A class of composite enhanced
carbon fibre aligned with DIW technology was also developed. Carbon fibres are
aligned by the regulated micro-extrusion with epoxy or thermal aromatic resin and
then transformed into complex geometric compounds. Similarly filled composites
with uniformly oriented fibres outperform the carbon-fiber composites. The produc-
tion of the FDM for continuously fibre reinforced thermoplastics supplied the head
of the printing machine with polylactic acident and carbon fibres (or natural jute
fibres) separately and the fibre filaments were fathered directly prior to printing [42–
45]. The aligned carbon fibre sections had stronger mechanical characteristics than
jute-enforced and non-reinforced thermoplastics. In a hydrogel with shear strength
for Special biomimetic structures with changes in shape, 3D cellulose-related fibrils
were printed. This leads to the generation of anisotropic modules that means that the
Filament readily extends radially (40%) but not longitudinally (10%) [46] (Fig. 3).

The different growth rates contribute to the programmable folding behaviour
of artificial flowers manufactured. Direct ink writing was also employed to build
solid polymer composites made of aluminium oxide nanowires and flak graphemic
shear strength [19]. The composite of graph/polylactide-co-glycolide is mechanical
robust and multifaceted so that fine printed structures can roll, fold and evenly fusion
[47–49]. A further tri-dimensional the shear force alignment printing process is the
sintered metal process. The lateral oscillating shear flow and SLA printed image

Fig. 3 Bioinspired mechanics reinforced 3D-printing structures with single material
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matched the nanowire aluminium oxide [20–22]. The Tensile strength with aligned
nanowires of aluminium oxide was increased by 28%. Helped 3D composite shear
force printing enables the combination of the required Thermalmechanical, electrical
and anisotropic properties with a scalable 3D printing process. This helps engineers
to develop design as construction and rigidity Digitally adjusted in a 3D structure
[50–53].

4 Bioinspired 3D Printing Magnetic Field

Due to its versatility in regulating the alignment of polymer resin fillers, a magnet
field is commonly used in production processes. For example: magnetic templates
and graphite electrodes are aligned magnetically to produce Electrodes with high-
performance Li-ion battery [54]. The freezing help Magnetic Magnet field process
monitors strength and rigidity alignments bydoubling and rotating changes in order to
create bioinspired ceramic spiralling. The Combined magnetic field and 3D printing
was developed as a magnetic 3D printer, successfully using shrimp, bone, mollusc,
and mantis-inspired architecture [55–57]. To track magnetic response particle align-
ment in the resin (decorating with super-paramagnetic iron oxide nanoparticles),
Modulation was used [58]. The particle orientation in the individual voxels may be
improved or weakened depending on the perpendicular (local) or parallel alignment
(cracking). The printed 3D objects have also new mechanical properties such as
programmable endurance, which cannot be accessed through homogenous mono-
liths or conventional production techniques [59]. Made a 3D field-responsive smart
polymer composite for a wide range of applications, including soft robotic sensing,
biomedical devices and independent systems. Various materials can be printed
by simply filling in different syringes in the 3D (MM-3D) microprinting process
with inks with various monomer compositions and ultrasound magnetic reaction
(UHMR) concentration particles aligned with magnet or electromagnet spins [60].
The magnetic orientation in the directions of applied load of 15wt% (4.4% vol.%)
Increases the power and elastic module by 49% and 52% respectively. In compar-
ison to a shear-induced implementation, the magnetic adjustment approach may
provide deliberate texture control with limited alignment directions to eliminate
local swelling responses [61–65]. A MASC is designed to deposit particles in a
layer-based additive cast technique, in order to track the path of the fillers during
filtering using advanced gravitationally supported technology [66].

A bio-inspired in order to mimic the shape of the natural dental orientation, the
synthetic tooth wasmade of an outer layer of enamel made of silica nanoparticles and
aligned aluminium plates. All results show that alumino-silicate plates are aligned
perpendicularly, resulting in a slightly denser and tougher synthetic enamel than the
internal dentine layer [33–35]. To produce organic composites, a robust and universal
magnetic field-based casting method was developed, which can replicate structures
that alter their forms [67]. The controlled alignments produce anisotropicmechanical
properties and their swelling/shrinking effects. On the basis of the design, the Stuart
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group Two forms studied of Composites of polymers. First of all, Controllability
alloy oxide platelet alignment in hydrogels helps to imitate pinecones, are wheat and
orchids trees seedpods by various plating behaviours. The second is the bioinspired
form of the ceramic transformation by aligning the magnetic rotation with magne-
tised alumina plates [68–70]. Bending, rotating or modifying these two fundamental
movements can be efficiently structured to accomplish a number of complex forms
[36]. The combination of the magnetic field and direct writing was studied in addi-
tion to SLA and glitter casting techniques. Firstly, the fibre length must be small to
control the shear force generated by the bucket and the system must be controlled in
a low magnetic field [71–74].

4.1 Tariff Rate

Cosmic rays were actively used in the manufacture of reinforced fibre composites
to Check the orientation of reinforceable Fillers (e.g. phosphate of calcium) micro-
phones and Microphones of alumina) in epoxy [75]. In the magnetic field around the
tip of the syringe, the three orthogonal iron-core solenoids were added. This tech-
nology is a successfulway forward in the development of composite high-Optimal 3D
printing resolution products. Magnetic films have been printed and compared with
their magnetic properties with and without the particle alignment [76]. Increased
permeability and decreased hysteresis loss were observed in the direction of align-
ment [42]. This is what we are talking about. Technique helps to prototype and
develop new magnetic composites and related components for the application of
inductors and antennas [77].

5 Bioinspired 3D Printing Helped Electric Field
and Acoustic Wave

Dielectrophoresis (DEP) has been used to balance both AC and DC pottery field
fillers, carbon nanotubes, graphite and glass polymer resin fibre. The electric field can
be used in selected areas for the development of composites with uniformly oriented
structures or locally modified surfaces [78]. Bio-inspired reinforced structure by
manipulation of various alignments of multiple electrical field wall-mounted carbon
nanotubes (MWCNT). The 3D printed Bouligand MWCNT alloys provide insight
into the tough natural mechanism and the guidance in the design of structures for high
impact resistance. It is also a workable way to print artificial meniscus that can be
used for the reparation of Meniscal and other fibrous tissues defects, with increased
mechanical efficiency [79]. Another Laminar composite production process, assisted
by electrical field, has been developed to align micro-sized aluminium particulates
with an electric field in a chain, for example structures in an ultraviolet photopolymer
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matrix. On the surface layer are embedded polymer/alumina particulate composites,
and the sample is formed layer by layer [80]. For a range of electrical materials and
geometries can be managed. The combination of electrical and inkjet printing leads
to electrostatic jet printing technology in 3D (E-jet) [81].

For obtaining fine electrode patterns and analogue diagrams, e-jet printing was
used [82]. There are several bio-inspired structures produced by the E-jet 3D printing
process. E-jet printing in written form of predetermined bio-inspired geometries is
possible by synchronising energy supply operations (electric hydrodynamics) with
the translation level. Tints consisting of Single Walled Carbon Nanotubes (SWNTs)
stabilised in the water are printed on a floral image. The essential dimension of
1 μm has been seen for future uses, including printed electronics and graphics. To
generate small, high-resolution OLED pixels with 5 μm, there has been created
another E-jet printing process. E-jet technology was also used to create bio-inspired,
bio-compatible and mechanically improved scaffolds [83–85]. The results showed
that the E-jet scaffolds can direct and boost cell growth and improve the efficiency
of wound healing. A near-field electrospinning (NFES) technology has been devel-
oped to construct direct 3D paper structures such as walls, hollow cylinders and
logos with PVDF fibre. The new technologies will progress in biomedical, micro-
electronics and MEMS/NMES applications to construct 3D structures. Apart from
the electrical sector, there was also 3D assisted ultrasound wave printing [86]. Two
sparkling, flat waves were produced using glass fibres in a photocurable resin that
Conducts mechanical anisotropic properties of printed objects. An acoustic addition
thrillingmicro-fluid printer nozzle is used in an epoxymatrix to customise the Printed
composite filaments with SiC material, solid BaTiO3 or hollow SiO2 microstructure
sphere [87–90].

The results show that acoustic focusing in mechanical composites is a promising
method for controlling microparticles. As a relatively material agnostic approach to
micro hardness control, the Acoustic 3D printing extends the library of printed fillers
substantially and complements current and modern 3D printing technology [91].

6 Definition of 3D Printing Technology

3D printing is a tool for creating haptic physical object layers of 3D layers based
on CAD models. Various printing methods were used to manufacture biodegradable
polymers. There are known techniques including Modelling of deposition, selec-
tive lasers, 3D jet printing, stereo and 3D printing [92]. Few study groups are either
creating or using others. Each technology it has its own composite output advantages
and constraints. Depending on the starting materials, speed and resolution parame-
ters, cost and performance requirements of the production process the end product.
Modelling fused deposition (FDM) fused repository (FDM) modelling tends to be
the most frequently used printers for the production of Composites of polymers [93].
Thermoplastics like PC, ABS, and PLA are widely used because of their lowmelting
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point. As shown in the figure, FDMprinters operatewith thermoplastic filament oper-
ated extrusion. FDMmelts filaments in semi-liquid mode and Layer by layer, where
layers are combined and fastened to the final elements, on the building frame. Printing
parameters such as layer thickness, print orientation, raster size, Raster angle and air
breakage are used tomonitor the consistency of the printed component. One common
inconvenience of FDM is that in order to allow extraction operation, titanium alloys
must be produced from filaments [94].

During the development of composite filaments, the vacuum produced is difficult
to uniformly spread. Another drawback of FDM printers are the materials used are
confined to natural materials with the necessary melt viscosity. The viscosity of the
molten material should be sufficiently high to help the structure and Low enough
for extrusion to be permitted. The support device used during printing can also
be difficult to remove completely [95]. Despite these disadvantages, FDM printers
still have advantages such as low cost, high speed and simplicity. Another value of
FDM printing is ability to deposit various materials simultaneously. Many extrusion
nozzles can be programmed for loading different materials in FDM printers so that
printed sections of a built-in structure can be multiple [96].

6.1 3D Printing of Powder and Inkjet Head (3DP)

The Massachusetts Institute of Technology created the powder-fluid 3D printing
technology as a rapid test technology in 1993. (MIT). This technology is focused
on the processing of powder. Powder is first stretched on the platform and then
added selectively to a built layer via an ink-jet head, which can go in the direction
of XeY [97]. If A 2D pattern will be created, the platform will decrease and the
next powder layer will be extended. This process is repeated and unbound powder
can be extracted to finish finished products. By altering the deposited binder, the
internal structure can be changed. The quality of finished products is dependent on
the dust, binder viscosity, binding and powder contact, and binder deposition rate
[98]. The main benefits of this technology are the versatility of material selection
and the environment for room temperature processing. In principle, this technology
could be used to print any polymer material in powder state. With this approach, it
is reasonably easy to eliminate the support system. However, other contaminations
can be found in the binder used, and the print resolution for this technology is very
little [99].

6.2 Stereolithography (SLA)

Stereolithography uses photopolymers in ultraviolet laser therapy. The UV laser is
worked in the resin reservoir in the desired direction, while the photocurable resin
polymerizes into a designed two-dimensional sheet. The platform is lowered and
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a further Uncuring resin layer is ready model after each layer has been cured as
shown in the figure. The popular SLA polymers are acrylic and epoxy resins. In
order to track the consistency of the finished pieces, the curing reactions during
polymerisation are important to understand. Laser intensity, scanning speed and
exposure period affect the time and resolution of the printing process. In order to
monitor the degree of polymerisation, photo initiators and UV absorbers may be
added to the resin. The key benefit of SLA printing technology is its ability to
print high-resolution components. Moreover, the issue of dust obstruction can be
avoided, as SLA is a non-dust technique. The high costs of this method, despite
these advantages, are an important industrial application concern. Another concern
is the potential cytotoxicity of the untreated resin and the residual photoinitiator
[100–105].

6.3 Selective Laser Sintering (SLS)

The technology of direct metal Laser sintering is similar and powder processing
based on the above 3DP technology. Rather than using an SLS fluid binder, a laser
beam powered route scans the power to heat it, combining adjoining powders with
high-energy lasers with mass transfer and processing the next sheet [106]. Unbound
powder should be extracted for final products. The resolution depends on the particle
size, laser power, scanning distance and scan speed. While a thermoplastic polymer
can technically be processed in powder with the SLS process, the complex consoli-
dation and molecular energy distributed by sintering the selection of products used
in the SLS process is small. Laser sintering materials are currently widely used in
polycaprolactone (PCL) and polyamide (PA) [107–109].

6.4 Direct-Write/3D Plotting

The 3D plotting is based on the extraction of viscous material from a pressurised
syringe. The Siren head will move in 3 components and the platform remains
stationary when the moulded materials are joined layer by layer. The mixing boxes
can dispense two reactive components, or activate them by thermal or UV light. UV
light. Material can in some cases be sent to a plotting medium to complete the treat-
ment reaction. The viscosity and deposition speed of the material is related to the
consistency of the printed materials. The key value of this approach is the versatility
of materials. 3D Plotting Printers are expected to have all loading solutions, pastes
and hydrogels. Temporary, ritual sacrificingMaterial may be necessary to protect the
printed structure, because raw viscous materials have a limited rigidity which may
break down complex mechanisms [110–112].
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6.5 Additional Methods

In recent years, several new 3D concrete printing technologies have been developed,
such as PolyJet used to polymerize deposited photopolymer droplets or DLP based
on selective polymerization of the whole photopolymer surface by light projection.
These methods have either more choice of content than conventional 3D printing
techniques or less processing time. However, these new methods are implemented
by only a few researchers due to their high costs and difficulties [113].

Polymer materials are widely used in the 3D printing industry due to their low
mass, low cost, low-end conditions and versatility of manufacture. While 3D printed
polymers can be geometrical, the lack of structural resistance and flexibility is amajor
challenge for all of their applications. To address these problems the combination of
different materials to achieve the desired mechanical and functional properties are
promising. Consequently, the production of composite materials compatible with
available printers in recent years has attracted considerable attention [114–118]. In
the production of new structural printable materials strengthened by particles, fibres
or nanomaterials, many promising results have been demonstrated. The reinforce-
ment of particles is also used to improve polymer matrix properties because of its
low cost. Particles are easily combined in powder or liquid in SLS with polymers,
or are eventually extruded into printable FDM filaments. The Different polymer
enhancedparticlematerials used in 3Dprinting and the resulting composite properties
[119, 120].

The primary considerations for 3D particle prints are the improved tensile/storage
module through the addition of glass beads, copper and iron pearls, improved resis-
tance to wear through the addition of aluminium and Al2O3 and enhanced dielec-
tric permittivity through the incorporation of ceramic or fragments of tungsten. In
these cases, cuboid or cylindrical sections were made with FDM, SLS or SLA and
improved properties were observed [121]. An exciting development in the field of
3D printed particle enhanced Composites is the potential for future real-world appli-
cations to print structural components [122]. Recently, SLA technology used to
produce a composite heat sink structure, as the figure shows. This composite struc-
ture is composed of microdiamond acrylate resin particles up to 30% (w/v). When
heating the sinks at the same temperature, the temperature of the composite heat sink
was above that of pure polymer heat sinks and the added diamond particles indicated
an increased heat transfer rate. Printing of barium titanite (BaTiO3)/ABS diamond
photonic crystal structures in another piece. Enhanced. The integration of BaTiO3

particles was observed and adjustable dielectric relative permittivity. The relative
permittivity of a printed composite increased 240% compared to 70% wt percent of
the BaTiO3 charge compared to Pure polymer [123–125].

In order to modify size patterns, the main components of the effective permit-
tivity tensor can also be tuned in this work due to the flexibility of 3D printing
technology. It also helps to introduce particulates to polymers to solve these printing
problems. The distortion of final printed components because of thermal polymer
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expansion is an obstacle to FDM printing. The incorporation of Polymer metal parti-
cles has proven an effective solution to this problem. ABS composites showed a
substantial decrease in the coefficient of thermal expansion in combination with
copper and iron particles, which significantly reduces the distortion of the imprint
content [126]. The anisotropic 3D printed component properties, which can have
advantages or drawbacks depending on the application, are another characteristic
feature of FDM printing. In case of isotropic load conditions, the low tensile strength
and modulus cause the printed component to fail in a direction perpendicular to
the construction orientation. Thermoplastic elastomer is a promising mechanical
anisotropic additive reduction (TPE) [83]. The TPEs prepared in two directional
perpendicular composites based on ABS and the results of the tensile test showed
the difference in tensile strength, thus demonstrating reduced mechanical property
anisotropy. In another recent research a new magnetic-assisted 3D printer platform
has been designed to monitor particle trajectory by including magnetised alumina
platelets into the polymer matrix [127–130].

7 3D Printing Bioinspired Shape Shift Structures

Structures most versatile or receptive still work on a complex basis in the engineering
world.

7.1 Modern Types of Actuation and Sensors

This means that the sensors detect stimuli for the environment and send electrical
signals to the actuators. The sensing and action of these systems is energy inten-
sive and relies heavily on expensive and failure-prone mechanisms. In comparison
to human structures, Nature provides many examples of climactic processes that
metabolistically modify their forms. In other words, natural systems change dynam-
ically without active metabolism and fully react to inherent materials and structures.
For example, plants such as pine cones and Bauhinia pods display varying mois-
tures in their seed dispersal units. It ensures that seeds can only distributed through
the climate when properly hydrated by water. Several attempts have been made to
replicate improvements in nature [131]. Because of its versatility in managing the
material supply in structures, 3D printing has drawn considerable attention to all
available methods. Four-dimensional (4D) printing identifying the class of structural
printing technology. Readers searching the new 4D printing will receive excellent
reviews. This section mainly discusses the major barriers to the transition of shape
and some Recent developments in 3D printing of biologically based structures [132].

The main concepts form change in a large number of plants can be caused by
anisotropic cell wall swelling characteristics consisting of steep microfibrils in the
direction of the hygroscopic matrix. The composite structures swell ideally towards
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the microfibrils when exposed to water. The two layers of orthogonal fibre structures
will lead to differential water swelling between the top and bottom layers, often
leading to bending or twistingmotions in two orthogonal directions due to anisotropic
contraction. Inspired by these structures, a typical structural design paradigm that
changes its form includes receptive materials that change shape in the Architec-
ture anisotropic. This structure is retracted/extensive, or even distorted and twisted.
Guided by controlled mode, such as moisture, heat, light, etc. [133–135].

7.2 Classical Indentation-Based Methods

The scheme stated in the Fig is that precise measurement of radial cracks at the edge
of a Vickers mark (or Berkovich) indentation tests sharp indentation-based models
for toughening fractures [1]. Perhaps the final version reduces image dimensions.
The first Lawn-Evans-Marshall (LEM) the famous equation:

Kc = α ·
√

E

H
· Pmax

c3/2
,

where A is the average crack length, H is the material hardness, and P is the whole
load applied during the indentation process [136]. The coefficient for a collection
of brittle (bulk) materials was calculated experimentally and determined to be 0.016
for the 4-sided pyramidal indenter Vickers. Further research discovered that the
original LEMmodel was only suitable for brittle bulk ceramics because radial crack
diameters are typically much bigger than the indentation point, or ‘half penny’.
Coefficients for various indicator geometries that are specialised. If the crack shape
differs substantially from half a penny, using the LEM model can result in a mis-
estimated (or at least in exact) fracture. strength estimates [137]. In the last several
decades, numerous other models have been proposed to take account of various
potential Crack geometries and variations of content property. The choice between
the right model for determination toughness of the Indentation fractures depend on
the shape of the geometry of the cracking system, e.g. median, radial, half-penny,
cone or lateral cracks or the pyramid indenter geometry [138].

CZ-FEM has been employed in more recent research to simulate inelastic densifi-
cation, plastic deformation, fracture nucleation, and increase after strong indentation.
Such studies show that the α coefficient of the LEM model actually depends signif-
icantly on the E/H ratio (or, similarly, the E/Factory where production stress is, the
Poisson ratio and geometry of the indenter. In particular in broken materials with
E/μy ~ 10, mid-crack geometry is prevalent, while the geometry of radials (often
known as Palmqvist) is the more likely single Andallic (E/5-0y ~ 100)90. Detailed
functions on the coefficient α are found in references for a wide range of material
properties and an indenter angle scan that can be effectively utilised in the proper use
of indentation-basedmethods to assess fracture strength [139]. In practical situations,
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the choice of the best model to use can therefore be extremely difficult due to (a)
potential uncertainties in deciding the E/μy ratio and (b) residual material tension.
The latter is critical for thin films and coatings inwhich, following a sharp indentation
test, a compressive residual stress could prevent the development of radial cracks.
New experimental methodologies were recently suggested to address the apparent
limits of the Classical indentation-based fracture toughness test method on a micron
scale. Such methods typically utilise a nano inventor to test microscale specimens
of various geometries created by the processing of the focused ion beam (FIB). The
sample of geometries which include pillars, membranes, micro-inspired specimens,
beams with double clamps and single and double beams [140].

The method of division of Pillars based on a sharp micropillar nano indentation.
This technique is particularly useful for testing thin ceramic films. The very versatile
and important approach to the study of fracturing processes in fragile and semi-
breakable materials [141].

8 3D Printed Polymer Composites Application

Biomedical system Three-dimensional tissue and organ representations are available
been improved by the improvement of CT andMRI technologies with higher resolu-
tion. The 3D printing technology can produce Patient tissues and organswith detailed
3D microarchitecture using image data acquired. Currently working in the field of
biomedicalmaterials, the polymericmaterials concerned are based on derived natural
polymers (gelatine, alginate, collagen, etc.) or on synthetic polymeric molecules
(polyethylene, polylactic co-glycolic acid, PLGA), etc. Printability, biocompatibility,
mechanical properties and structural characteristics for biomedical applications are
the necessary features of printable materials [142–145].

For a good transplant and function it is critical that the printed 3D parts interact
with endogamous tissue. Scaffolds are essential for the physical connection between
cell penetration and proliferation in tissue engineering. Traditional technology
Cannot integrate internal architecture and monitor scaffold porosity. 3D printing
solved these problems by testing the pore size and distribution of scaffolds in pores.
The inclusion of bioactive particles into polymer has printed composite scaffolds
with high biocompatibility [146].

Polymers that are biodegradable and biocompatible can maintain scaffold’s
resilience and improve biocompatibility through breakage of bio ceramic particles.
A highly porous 3D biodegradable PLA/bio glass was produced using a nozzle-
based printing system. The microscopy of the scan electron shows a standardised
and repetitive 3D frame architecture. The addition of glass particles enhances PLA
polymers’ adhesion and improve their robustness and hydrophilicity. Tissue engi-
neers also used additional synthetic calcium phosphates like hydroxyapatite (HA)
or tricalcium phosphate to develop biocompatible composite scaffolds using 3D
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variable printing systems (TCP). The materials effectively produce nano-micro-
topology in composite rims and improve skirts’ hydrophilicity, thus enhancing skir-
mishes’ bioactivity. In vivo experiments with printed composite scaffolds have also
been performed.Composite FDMprinted PLGA/TCP/HAgrooveswere successfully
implanted in femoral rabbit bone defects to facilitate bone reposition and eventually
biodegradation of the grooves for weeks [147].

Biofabrication with live. Another latest paradigm for the 3D print polymer
composite applications in the biomedical industry is tissue and organ transplan-
tation cells. Several tissues and organs have been successfully printed to fulfil the
requirements for transplant functionality. These include ears, vasculatures, aortic
valves, structures of cartilage and structures of the liver tissue. A 3D Bioplotter was
used for printing a complex structured ear consisting of PCL and hydrogel seeds.
The composite ear fulfils indigenous ear geometry and anatomy. Tissue generations
occurred successfully Manufactured in the composite structure. Another example
used silver nanoparticles to improve the auditory sensing of the printed ear in the
hydrogel seeds matrix [148].

8.1 Electronics

The use of 3D printingwouldminimise the production time for geometrically accept-
able electronic prototypes. 3D printed polymer composites and electric conductive
materials may be used for different purposes as electronic devices. Electronic sensors
from piezoresistive sensors were developed via FDM carbon black/PCL composites.
By changing electric resistances, the piezoresistive sensors could feel mechanical
flexing, the capacitive sensors could be printed on customised interfaces or placed
into smart vessel for detection of the Presence and water scarcity. For use in printed
electronics, the 3D printings of CNT/epoxy nano-composites using the UV-assisted
direct writing technique have also been published [149, 150]. This composite mate-
rial was used to create a highly electro-mechanically sensitive piezoresistive sensor
(gauge factor ~ 22). These practical sensors display the promising use of 3D printing
on electronic devices. 2D flat surface printing is the base of conventional printed
electrical circuits [151]. For instance, silver capsulated composite particles were
a conductional toner on flexible substrates for electrostatic printing. The written
leading paths are approximately 104 U cm conductive. However, electronic proto-
types that must be incorporated into real-world application in more suitable formats
so that prototypes are authenticated in the earlier development period. Recently
attempts were made to create 3D structural electronics [152].

An optical light processing printer used silver and attached photopolymer created
a 3D electrical circuit connector. The 3D porous structure created using water emul-
sion printing oil was immersed in the scatter of silver nanoparticles and subsequently
sintered for conductive percolation pathways. The adjustment of processing param-
eters can manage the porosity and the entire surface of the printed 3D structures and
theoretically manage electrical conductance [153]. The CNT/PLA liquid deposition
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composite modelling 3D structural electronics was also used. Direct deposition with
a high volatility solvent was made of the homogenous PLA CNT dispersion and a
rigid 3Dmicrostructure formed following solvent evaporation [154]. The 3D flexible
tissue conductive structure printed from this material is used in order to produce a
simple circuit which activates a commercial LED and thus shows the usefulness in
microelectronics [155].

Three-dimensional electronic devices were also developed during the printing
process by encapsulating metal wires in a polymer matrix. This printing approach
is comparable to how better continuous fibre composites are made. Copper wires
and molten copolymers were delivered separately in styrene blocks. The two-phase
composites were used as an open membrane transition which resulted in a pressed
touch bending of themembrane and shortening the copper wires on adjacent polymer
layers together [156].

8.2 Aerospace Applications

Many components of aerospaceComplex geometries that take time and are expensive
to make. 3D printing is therefore highly appropriate for the production of these
pieces. Most aerospace products, including exhaust engine components and turbine
blades, have been printed 3D using metallic materials until now. Because metals
are usually stronger and flammable than polymer materials. Several institutes of
research have been researching recently ways of applying aeronautical 3D printing
of polymer composites Because of the strength of composite polymers. The air foil
and propeller were displayed on a 3D printer with glass fibre and photopolymer
composites. The use of these aerospace product materials produces high-faith and
reproductive replicas from the digital model [157–159].

The strongmechanical property of printed components is favoured by an excellent
relation between layers. Polymer composites capable of withstanding high temper-
atures for aerospace applications were recently printed. The FDM process has been
used by the Glenn Research Centre to develop the Ultem 1000 inlets guide and
chopped carbon fibre inlet and the This composite structure’s operating temperature
could exceed 400 F. Unable Unthinkable Artefacts has likewise declared their ability
to manufacture aerospace composites for Enhanced polyether ether ketone high-
performance carbon fibre (PEEK). The Compounds are heat-resistant to 482F and
lighter than regular aluminium components 50% and maintain 2/3rds of aluminium
power. This content was printed on air foil, rotor support arm and air intake [160].

8.3 Biomimetics and Its Applications

Peel & Ball (2010) The work currently has an easy and artificial arm, which gives the
ability ofRubbermuscleActuators (RMA) a greater strength than usual, and provides
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Fig. 4 The influence of filler size on dental composite fracture toughness

a portable bracelet wrestling platform for students recruiting. Kingsville Arm One &
Two TS actuators are McKibben-like actuators made of composites made of fibre-
reinforced elastomers. These actuators are very heavy and contract like a human
muscle. RMAs generate higher t strength than typical McKibben actuators and have
less-blow-outs due to optimised braid angles and ends which pass burdens across the
braid fibres [161] (Fig. 4).

To address feedback from existing prostheses that overlooked many of the lubri-
cant and joint capsule functions, a new artificial joint system with bionic joint capac-
itor was suggested and created. Medicinal lubricant, prosthetic joints, and artificial
joint capsule were all present in the new construction. The grain filtered through
a capsule reduces prosthetic joint wear while also preventing wear particles from
escaping into the liquid body. As a result, unintended interactions between the
wearer’s particles and the liquid can be completely avoided. Meanwhile, for the
bionic artificial joints with the joint cap, a three-dimensional (3-D) analysed finite
element (FEA) model was developed [162–165].

The earthworm-like robot model in the F2MC segments under review of their
actuators. It explores a new F2MC application in the field of bionics. First, the
general film model of the robot is built with earthworm-like locomotion. On the
basis the locomotive function of this model is evaluated to determine output of the
F2MC section. Then an F2MC segment analytical model is used Finite deformation
under internal pressure to be estimated. This specifies the optimal F2MC segment
configuration that meets the needs of an actuator [166].

A conceptual design is proposed for the Earthworm-like F2MC segment robot.
Then the robotic gaits are designed with some physical assumptions based on the
cinematic locomotive mechanism. Guided locomotive can be accomplished on the
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basis of the installed gaits. In order to improve the robot’s average speed and motion
performance, locomotive gaits are programmed. Optimal gaits are obtained that lead
to maximum speed and locomotive efficiency respectively [167].

The use of pneumatic artificial muscles (PAMs) for lightweight design and supe-
rior static performance in robotics applications. Further PAM advantages include
highly specific workload, high strength Density, basic nature and long tiredness.
Previous robotic research use of PAMs based on the use of large, systematic PAMs
[168].

The non-linear behaviour, influenced by biological systems (for example, human
airways), to solve One of developing countries’ most important subsistence farmers
is the dearth of entree to affordable and water-efficient irrigation systems. An effec-
tive way of supplying crops with water is through an emission network with plants
consuming 85% of the water supplied. However, only 61 million of 140 million
hectares of cultivated land are irrigated in India and only 5 million by drip irriga-
tion. Partly because of the relatively high cost of irrigating the drip. The key costs
are Pump water at relatively high pressure (>1 bar), reduce the upshot of irregular
ground and gluey fatalities on the system and certify that the identical expanse of
water is obtained by every plant [169].

TechnologyStrategyBoard (2008–2011) focuses on the concept of biomaterials as
materials used for a biological system or as materials from a biological source. These
can bemixed in some situations. Biomaterials can also be viewed under the first Defi-
nition as a group of structural, functional, or multifunctional materials that behave
in a biological setting. Applications include applications catalysis, biomedical engi-
neering and biodegradable containers and packaging. Biomaterials are also discussed
in the KTA and KAA methods of Biosciences and Medicines and Healthcare [170]
(Fig. 5).

Fig. 5 Characterization of fracture toughness
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A new artificial joint system thru bionic cooperative capacitor stayed future
besides built by Suet et al. (2005) to solve feedback from existing prosthetics, which
ignoredmanyFunctions of lubricant and joint capsule. Thenewconstruction included
pharmaceutical lubricant, prosthetic joints, and an artificial joint capsule. The grain
filtered by a capsule minimises prosthetic joint wear while also keeping wear parti-
cles out of the liquid body. As a result, unintended interactions between the wearer’s
particles and the liquid can be completely avoided. Meanwhile, for the artificial
bionic joints with the joint capsule, a three-dimensional (3-D) finite element analysis
(FEA) model was built [171].

The earthworm-like robot model in the F2MC segments under review of their
actuators. It discusses a recent F2MC application in the area of bionics. Next, the
robot’s general film model has an earthworm-like locomotive. This model evaluates
the locomotive mechanism to determine the performance of the F2MC section. An
empirical F2MC segment model is then used to estimate finite internal deformation
strain [172].

Briefly discussed are the two basic types of biomimetic approaches. The technical
plant stem is a biomimetic product with structural and functional qualities similar
to those found in plants. The key botanical Models are the stalks of the Rush of
the Netherlands (Arundo donax, Poaceae) (Equisetum hyemale, Equisetaceae). The
physical concepts were studied, extracted from their structural and mechanical prop-
erties and extended eventually to scientific applications [173]. Modern computer-
controlled production methods for production of technical textiles and the struc-
turing of the composite materials integrated matrix build unrivalled opportunities
transition into technical applications of the complex structures contained in plants
frequently optimised at various hierarchical levels. This process is comprehensive
for the biomimic, lightweight, fibrous, advanced textile composite material with
optimised mechanical properties and a gradient structure [174].

Addressed the creation of modern versatile and mobile collector systems, Based
on the polar bear fur and skin solar function. A translucent spacer textile and silicone-
coated Fiber polymer are included in the transparent heat insulation material. The
unit is translucent when exposed to visible light but opaque when exposed to UV
light. Due to its composition, it exhibits less convective heat loss. The emission
of long-wave radiation will avoid heat loss by means of an effective low-emission
coating. Appropriate silicone surface treatment protects against soiling. Full flexible
solar collector systems are being built more isolation products and flow systems in
conjunction [175].

Removal of coloured materials was found to be difficult and costly in dye house
effluent. Explored a new method using a single oxygen producing material applied
to fabric surfaces. These materials produce single oxygen when exposed to light that
is able to kill several coloured organisms. The fabrics developed in this process have
proven to contain singlet oxygen. In addition,when exposed to visible light, a thionin-
containing solution (one of the methylene blue derivative dyes) was decoloured in
the presence of these fabrics. Moreover, E. Coli are immune to this medication and
thus are not supposed to have a harmful environmental effect [176].
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Using material property charts and indications of the materials, the cuticle’s
amazing mechanical performance and efficiency were examined and compared to
that of other materials. There are four in this paper: Young module density (starring
by unit weight), Young basic Modular strength (elastic hinges, unit weight elastic
energy storage), young modular durability (fracture Resistance and toughness under
various load conditions (wear resistance).Together These diagrams help to illustrate
the significance of a fibrous composite microstructure (for example, fiber-orienting
effects on tendons, joints and sensory organs) and shape (including surface structure)
for a certain reason through a cuticles structural analysis [177].

Suggesting anewstrategy explaining theBiological and technical approaches have
varying degrees of difficulty depending on the quantity of various raw components:
many (material dominates) materials or few (form dominates) materials or only one
single material (structure dominates). With declining numbers of basic materials, the
difficulty of the solution (in biology as well as engineering) increases [178].

Propose to mimic and exploit the natural capabilities of the bat, recognising the
relationship between structure, features and function of the wing tissue. The first
mechanical biaxial characterization of the skin in the bat wing describes main defor-
mation mechanisms for the manufacture of biomimetic skin. In order to evaluate the
relations entre tissue structure, characteristics and functional flight capability, both
static mechanical testing of synthetic skins and aerodynamic testing are used [179].

Tries to consider the viability of energy harvesting using active compatible mate-
rials from the tail movement of a fish. It is suggested that the underwater vibration
model structure of the biomimetic tail be a cantilever beam with rectangular cross
section be assimilated. The Fluid effect is characterised by a nonlinear hydrody-
namic function. Electromechanical system assesses and models the possibilities of
the accumulation of energy from an IPMC connected to the vibrating structure.
Experiments are conducted to validate theoretical expectations of biomimetic tail
energy harvesting [180].

Via electrospinning techniques, draft a series of new nanostructured 3D
biomimetic scaffolds based on carbon nanotubes or biocompatible polymers (PLLA).
In particular, a series of electro spun fibrous PLLA scaffolds were developed in
this study with regulated fibre dimensions. In vitro hMSC experiments have shown
that stem cells tend to bind smaller fibre diameter in scaffolds. Most Significantly,
our in vitro diffentiation results have shown that biomimetic carbon nanotubes and
polylysine coating can lead to more MSC Chondrogen differentiation than controls
that are promising for applications in cartilage tissue technology [181].

Agood-oriented nanofabrication array of nanomatrix geometers that canbe simple
to use for high S/N digital detection, miniaturisation, integrated assays, and single
molecule analyses. This describes tethered bilayermembrane nano(submicron) array
consisting of a biosensing network [182].

In order to create critical action parameters such as strain distribution, maximal
strain and response times, the partial differential equation of IPMC behaviour is
calculated using finite element methods. Hosseinipour and Elahinia (2012) 1D the
results of the FEM solution are then applied to 2D in order to detect flap actuator
tip displacement. A model of a seven-degree IPMC-driven for study, biped robot is
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then shown. The main motivator for this study was the ability to use IPMC artificial
muscles for fast and stable bipedal locomotion. With the limit of the actuator, joint
paths for fast and smooth movement are formed. The stability of the gait is evaluated
using parameters for ZMP andmotion simulation. Themanufacturing parameters for
each actuator are, for example, weight, platinum (or gold) thickness and the angle of
installation [183].

To examine the effect of drag-reduction for four types of surfaces Rib-shaped
grooves, V-shaped railings, shield-shaped grooves and straight slot grooves. The
new numerical approach at the mescoscopic stage is the Lattice Boltzmann method
(LBM) for numerical simulation. The micro-grooved surfaces work as the micro-
structure affects the flow guides. The vortices in the trenches not only decline the
cuts amid fluid and walls, but also the extent of contact amongst the fluid and walls,
thus decreasing the pressure loss [184–187].

9 Conclusion

Manufacture of complex biological structures, 3D-printing technology in the future
must be further improved. Fresh,multi-scale 3Dprinting technology can be developed
with the integration of various 3D prints. Processes designed for various size scales
to meet the multiscale encounter of manufacturing of bioinspired structures. Another
exciting path is the incorporation of 3D printing with conventional manufacturing
technology. The robotic positioning of components and complementary techniques
like micromachining, functional ink dispensing and wiring incorporation could also
be combined with 3D printing. This integration could allow greater control over
multiple materials, geometric scales, and functions in 3D-printed structures.

However, deprived of cross-fertilization amid the various disciplines—biology,
chemistry, physics, materials science etc. research into such hybrid production
processes is difficult. Natural production itself may be considered as an additive
method of production, for example nature begins with a single cell and ends with
a living organism by introducing materials progressively by increasing or removing
environment. These processes could stimulate new additive manufacturing tech-
nology, which could hypothetically produce artefacts more effectively and efficiently
close to natural structures. In general, understanding and replicating natural structure
can improve the subject of biomimicry by using 3D printing for diverse engineering
applications. At the same time, biomimicry’s production problems will lead to new
biomimetic stabilized manufacturing processes.

The future bio-inspired 3D printing study falls under the sort of multifunctional,
multi-scale, multimaterials and multi-dimensional (4D) production. The advance-
ment of biomimetic additive production technology would further contribute to
breakthroughs in building materials and erections for future engineering schemes
in the next decade. It has many restrictions; 3D polymer composite printing has
advanced. Investigators are researching. Latest 3D and new material polymer
composite printing, as shown in the above publications. The great potential is the
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key feature of its growing research. The findings from biomimetics are sustainable
so that people look optimistically at biomimetics and continue until solutions are
sustainable.

The application of biomimetics must concentrate on research that may contribute
to the development of a sustainable environment worldwide in order to create more
and more sustainable solutions and design. This paper provides a forum for more
researchers. There are new areas of study in materials, process management, process
scalability and product performances with 3D printing contains polymer composites.
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Biologically Inspired Designs for Additive
Manufacturing of Lightweight Structure

Ahed J. Alkhatib

Abstract Nature is the biggest teacher and inspirer for humen since it involves the
evolution over 3.5 billion years. Nature motivates scientists to capture the diverse
models to be transformed into structures. This process is not easy and needs the
efforts of experts in different fields. Biomimetics and additive manufacturing have
contributed to the development of new design methods for parts and products that
are distinct from one another. The combination of the two has resulted in a slew
of previously unknown component designs. Individual 3D printed biomimetic parts
have had a remarkable marketing effect, but there is yet to be a widespread indus-
trial application. In regard to metal parts, laser additive manufacturing is the most
common process among the various additive manufacturing methods. As a result,
several case studies of laser additive manufacturing produced biomimetic designs
are discussed. Functionally Gradient Materials (FGMs) and Functionally Gradient
Structures (FGSs) are considered progressive compounds that have unique charac-
teristics. Taken together, biologically inspired designs will have more future impact
on the world of industry by making new designs that cope with future challenges.

Keywords Model · Nature · Additive manufacturing · Biologically inspired ·
Functionally gradient

1 Introduction

There are several terms that involve the role of nature as a model in technical appli-
cations [1]. These terms are referred to as biomimicry, bionic, and bioinspired, so
that their definitions are not well established yet [2, 3]. According to ISO stan-
dards, biomimetics can be defined as a multidisciplinary collaboration based on
combining biology and technology to find solutions for applied troubles by analyzing
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the functions of biological systems, abstracting into built models, andmaking applied
solutions [4].

Biological diversity is likely to give non -limited numbers of examples that can be
taken into consideration as inspiring models in developing or designing products [5].
Biomimetics is mainly based on capturing ideas from nature and transforming them
into structures [4]. However, biomimetic capturing is a very difficult process and
needs to be established under the direction of experts for the best and quick output of
designs, and to promote the development of the innovation that cannot be generated
using traditional methods [3]. The main objective of approaching biomimetics is
intentionally mimicking of nature solutions to solve the current problems [6]. The
richness of nature solutions is attributed to considering about 4 billion years of evolu-
tion so that nature is the laboratory of designing and we observe the outcomes [2, 7].
Natural designs have several amazing characteristics including optimal employment,
of natural resources in terms of substances and energy [7].

The optimal use of substances and energy, great tolerating ability, adaptableness,
and auto-acting ability, in addition to the accuracy andmultiplicity of natural systems
are few advantages of nature-prepared designs that promote taking natural systems
as mimicking models for the innovation of technical applications [3, 8]. Moreover,
biomimetic designs are characterized by having lightweight structures that are used
as additive manufacturing (AM). These structures need complex geometries such as
lattice or cell structures to produce hard designs, a matter that is not possible with
traditional production technologies [9]. The introduction of AM enabled overcoming
conventional limitations by offering such complexities [10]. AMoffers the awareness
of physical, classified, and functional complexities [9, 11].

2 Industrial Implications of AM

Industrial companies have continuously exhibited their interest in AM technology
because AM can create parts with complex shapes to better cope with the needs of
industrial engineering compared with conventionally created parts [12]. The tradi-
tional Computer-Aided Design (CAD) software has limits in designing and repre-
senting complicated engineering, particularly in regard to design matrix assemblies
that are structures stimulated from a biological environment, made up of small,
repeating parts referred as struts, that combine forming a repeating unit cell. This
design can produce a component that is characterized by lightweight and stiffness
[13] (Fig. 1).

AM has recently become very attractive to designers due to offering several bene-
fits including lowering the time required in the cycle involving design to manufac-
turing, and reducing the number of parts, in addition to lowering clogged couplings
or soldering and the ability to creating complicated engineered shapes within one
fragment [14]. Complex 3D components with effective biology-inspired constructs
are easily created by the addition of substance layers each over the other, unlike
old-style wafer-based engineering procedures, elimination, or manufacturing [15].
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Fig. 1 a The basic structure
of skin (leather). 1: basement
membrane; 2: cellular layer
(papilla); 3: reticular layer;
4: hair follicles (tunnels)
(This model was drawn by
Dr. Ahed J Alkhatib),
b Artificial leather (skin). 1:
topcoat; 2: compact layer; 3:
foamed layer; 4: supporting
textile layer
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A chief topic studied in the literature is the great variety of freedom given by AM,
that has properties such as large customization and design elasticity. These aspects
can be summarized by the following statement: “What you see is what you build”
[16]. Such a trend contradicts the conventional engineering in which various indus-
trial limitations must be considered when designing a part because of technological
insufficiency [17, 18]. For the achievement of the capacity of AM, designers must
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modify their design trends of components inwhich the use of topology is able to stim-
ulate and inspire useful composite forms to get light and firm assemblies [19]. Using
AM, a concept implying that shape is driven by the design has become accepted
and replaced the previous concept that shape is driven by manufacturing, that is
applicable to traditional machined parts [20]. AM parts production implies compli-
cated cellular structures known as hierarchic structures in which there is a need for
lightweight, rigidity, and high strength [20]. Across the literature, several types of
cellular structures have been reported including foams (random structure), honey-
comb, and lattice (periodic structure) [21]. Lattice structures consist of simple little
essentials, such as tube-shaped bundles, referred to as stents, that are joined together
making a repeating unit cell for many times lengthwise the body [22].

3 Functionally Gradient Materials (FGMs)

FGMs and Functionally Gradient Structures (FGSs) are forms of progressive
compounds that have unique features and benefits [23]. Design concepts in tradi-
tional engineering have inadequate potential for varyingmeasures of FGAMconcepts
(including geometric, ornament, and microscopic formatting) that are crucially in
progressing specific gradient components at various sites. FGM and FGSs have
attracted the interest of people in different domains such as in industries that involve
the scope of great applications in aviation, automation, biomedicine, and others [24].
FGMs are considered new materials that are characterized by steady distinctions
of their constituents including their structure and volume, which give their local
characteristics [25, 26]. In nature, there are various types of FGMs such as spongy
structure of bone, variations in sea shells (pearl oyster), and plants (Norway spruce
and bamboo) [27–29]. Niino et al. [30] early suggested the term of manufacturing
a heat-graded metal-on-ceramic process to be applied in the production of FGMs.
On the contrary of isotropic substances, FGMs have unique structures and compo-
sitions that enable designers to produce materials with various functional character-
istics. Consequently, FGMs receive large interest for several uses such as aerospace
engineering, biomedical implants, and energy absorption systems [31–36] (Fig. 2).

4 3D Printing

AM is also known as 3D printing. It’s fabrication process closes to a mesh, that
is possible to be utilized in creating complex 3D objects directly with no need to
template, tools, or need to join or group [37]. Additionally, the AM permits flexible
forms that can be optimally used for exact engineering necessities or applications
wherever advanced processes or engineering forms are long time taking, costing, or
not easily made by conventional manufacturing (CM) processes [24].

It is possible to have three types of substances involved in FGAM [24]:
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Fig. 2 Illustration of construction model based on bone structure. 1: spongy bone; 2: compact
bone; 3–6: building layers inspired of bone structure; 7: 3d built biologically inspired layer (this
model was created by Dr. Ahed J Alkhatib)

1. Monophasic materials with incremental differences in density such as in
functionally graded cellular structures (FGSs).

2. Double-stage or various-stage substances, with progressive differences in
material constituents.

3. Collections including gradual differences such as density and substance
constituents. With the variation in space regarding structure and density, the
insertion of FGM by AM (FGMAM) permits the creation of adaptable FGMs
that have numerous functions with multiple functions including heat and
mechanical properties that are difficult to be achieved by CM approach.

In general terms, FGAM charts include various steps, such as modeling of engi-
neering and substance, design with microstructure, nature, slicing, simulation, fabri-
cation, characterization on site, and performance analysis [38]. Many challenges
remain facing every phase of FGAM technology. Operational variables are not easily
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controlled, this may result from the frequent repetition of internal and external flaws,
as well as poor dimensional control. Furthermore, the quality of the parts produced,
and their surface finish may differ significantly in various groups or machinery forms
[38]. For manufacturing advanced FGAM constituents including interior construc-
tion and exact distribution of fixtures at the nano/microstructure stage, the supplying
efficacy, precision, and efficiency of material exchange among layers should be
constantly optimized [24, 39]. At this time, commercially available AM technolo-
gies are still mostly using consistent structures characterized by the simplicity of
engineered use, with the use of FGAM monomer throughout the component, unlike
FGAM, the polymers with heterogeneous formulations [40]. Another limiting factor
is the need for high accuracy on-site techniques to characterize thementioned FGAM
materials, processes, and products [38], e.g., on-site, and real-time acoustic emis-
sion (AE) tracking of AM, in exact time recognition using artificial intelligence
techniques, during laser melting and in situ XRD, alloy hardening, and images from
fast-paced cameras [41–43]. Moreover, traditional design methodologies limit inno-
vation, making it difficult to realize the full potential of FGAM. Despite the exis-
tence of a modeling frame for variable gradient printing, additional work is needed to
create newapproaches and guidelines to reachmore consistent and expectable results,
taking into consideration thematerial distribution of constitutive phases and changing
characteristics within fabricated structures [44], in addition to related considerations
in choosing substances, structures, and print speeds support FGAM in economically
and ecologically modes [45]. Soft materials have several different properties, such as
the ability to adjust deformities, high freedom potential, in addition to self-assembly,
a matter that makes them good alternatives for smooth construction machines, robots
and touch interfaces [46].

Soft materials or soft fabrics include many types: liquid crystals, gels, elastomers,
foams, and other materials are examples [47, 48]. Distinctive features of various
soft materials—regulation and activation of distortion, high levels of freedom, and
auto-gathering made them hopeful applicants for haptic interfaces, soft machines,
and robots [49]. As an area of adaptation of basic science in soft materials, it is
rapidly expanding in the development of soft machines, robots and haptics interfaces
get progress from two specific methods or tools—bio-inspired design and additive
production [50, 51]. Even a cursory examination of nature shows a plethora of "Soft"
biological species, organs, tissues, and behaviors [52]. For the design of robots and
systems made of soft materials, drawing inspiration from biology is normal and
effective. Even a cursory examination of nature shows a plethora of "Soft" biological
species, organs, tissues, and behaviors [52]. For the design of robots and systems
made of soft materials, drawing inspiration from biology is normal and effective.
AM and other fast prototyping technologies have enabled soft material-based robots,
computers, and haptic interfaces to create objects out of a wide range of materials
and almost any complex shape, significantly extending their scope [46].
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5 Natural Inspiring Materials and Their Applications

In nature, there is plenty of soft materials including sponges, rubber, and leather.
Great technological achievementswere established to shape artificial substanceswith
similar properties, such as polyester foam, elastomers, silicone, and polyurethane, for
a variety of applications [53] (Fig. 1a, b). Inherently soft materials can be discussed
in the sense of synthetic polymers and their formulations with the ability to withstand
deformations with great elasticity in addition to having elastic modules and stretch
structures like soft biological substances [54].

It is not the intention to provide great details regarding constructs and extensive
features about soft biological substances in this section, instead, there will be a focus
on their functionality variation, particularly in the science of soft robotics, in which
biology offers an infinite source of inspiration. In the meantime, considerations such
as three-dimensional (3D) printability, biocompatibility, and multifunctionality must
be considered. These factors, we believe, lead to the achievement of a practical fit,
as well as further advances in the layout and production of soft substances [46].

Operation, or the conversion of any kind of input energy intomechanical action, is
a fundamental problem and a major challenge when developing bioinspired artificial
muscles and squishy robots [55]. Hines et al. [56] published a review article with
a guide for selecting action mechanisms. It is worth mentioning that the selection
of stimulus-sensitive materials, in particular stimulus-sensitive polymers, has to be
taken into account in the environment implementation and stimulants that are easily
available. This section summarizes themost recent changes to the substances that can
be easily added to soft robots. Pressure-driven soft actuating material use forces to
span weakly cross-linked polymer networks, typically through a fluid (pneumatic or
hydraulic). Elasticity is caused by the spontaneous accumulation and release of stress
energy during the loading and unloading of polymer chains (i.e., entropic elasticity),
which occurs well above the polymer’s glass transition temperature [57]. To produce
anisotropic movements and more complex deformations, such as balloon inflation,
rigidity, or deliberate channels are needed., characterizing this plan of action [58,
59]. Both techniques are derived from natural organisms: the former is based on
the directional expansion of the erector muscle in the squid papilla; the latter is
based on microfluidics, which is relieved by fluid movement in veins and arteries
[60]. Awell-known example representing the commercially available of these liquid-
powered soft driven is based on siloxane copolymers [57]. This class of elastomers
is associated with good mechanical characteristics including compliance, ductility,
and elasticity [61]. Direct ink (DIW) or stereolithography (SLA) can be used to
3D print polydimethylsiloxane (PDMS) for optimal formation of thixotropic or UV
curable precursors [61–63]. Since cylinders with high pressure fluid include hoses
[64], the power source is one disadvantage of pressure-driven soft drives; built-in
battery-basedmicrocompressors are inefficient and addweight [65]. Combustion and
monopropylant deterioration are probably the mainstream of future research, but still
requires comprehensive basic research at system level integration [66, 67]. For elec-
trically powered soft activation materials, dielectric elastomer drives, or DEAs, are
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an essential class of electroactive polymers. These materials extend when a passive
elastomericmembrane (dielectric layer) is sandwiched between two compatible elec-
trodes in the formof a parallel plate capacitor on the surface and contracts in thickness
under electrostatic pressure produced by a strong electric field (>50 V m−1) [68].
One of the drawbacks of DEA is that it necessitates the use of a high applied voltage,
which can easily result in catastrophic failure. Dielectric polymers with a high dielec-
tric constant and low mechanical stiffness are needed to avoid this problem while
retaining large activation trunks. Candidates for the best materials include various
substances such as acrylic elastomers, silicone, and polyurethanes [69]. In addition,
the electrodes must also be highly conductive, adhesive, and self-adhesive compat-
ible [70]. DEAs can be reconstructed beyond the soft robots with artificial muscles
and biomimetics in a plain planar format [71, 72]. Self-healing and self-regulating
electrohydraulic soft actuators made of liquid dielectric have recently been docu-
mented to eliminate the possibility of electrical breakdown [73, 74]. It is possible to
make heat from thermal energy, heating resistive components or photothermal effect.
Conductors made of carbon such as graphene can be used in the manufacturing of
large inflectional stems that possess the improved coefficient of thermal expansion
[75, 76]. Shape-memory polymers (SMPs) are thermally deformed from a glassy
to an elastic state, and this state persists indefinitely. By allowing complex active
structures to change shape, this irreversible programmable mechanism allows for
the development of complex active structures [77–79].

LCEs (liquid crystalline elastomers) are a type of thermally sensitive polymer
in which self-organizing liquid crystal mesogens are incorporated into an entropic
elastic polymer network. the heating process over the clearing temperature leads to
lowering the order made by modified mesogen, activating a reversible gross in the
polymer’s form that changes as it ages. A stretched, expanded state to a relaxed,
contacted position. The modification of LCEs or long-range arrangement of meso-
gens is mainly accomplished by mechanical stretch, command surface pattern or
external magnetic fields [80]. Several groups have recently recorded the 3D printing
success of LCE actuators (DIW) in which mesogen modification is induced and
regulated by shear forces [81]. Light-powered soft activation materials are appealing
for applications in unbound micro- and macro-scale soft robots because they can
be controlled remotely at room temperature and with rapid adjustment [82]. Previ-
ously, Ikeda et al. [83] contributed in the identification of photomechanical effects
in polymers taking into consideration the light-driven LCEs. In a similar way to
biological processes mediated by plants, such as regulation of photomechanisms
due to phototropins [82, 84], the characteristics of photoresponsiveness can be cova-
lently transferred into a polymer matrix using photochromic molecules including
azobenzene. This molecule absorbs light energy efficiently and undergoes reversible
trans-cis isomerization when exposed to ultraviolet (UV) or visible light, resulting
in a large shift in free volume [85]. Azolobenzene-containing LCEs (azo-LCEs),
like other thermally reactive LCEs, require the mesogen to be adjusted to massive
anisotropic deformations. UV light has a restricted penetration depth in azo-LCEs
produced by bending and nonbendingmovements (3Dmovement) rather than simple
two-dimensional (2D) contraction and the absorption is reduced due to the highly
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absorbent nature of azobenzene. Its distinct property has been successfully applied
to the creation of microscale biomimetic soft drives, such as artificial cilia [86],
iris auto-regulation [87], and filling and swimming robots [88]. However, problems
with penetration depth prevent azo-LCEs fromachieving high energy conversion effi-
ciency and producing largemechanical forces. The architecture of the next generation
of league-driven soft drives will also face the challenge of improving the photome-
chanical properties of azo-LCEs. Compositions of polymers with magnetic fillers,
such as magnetic particles or separate magnets, are used in magnetically driven soft
activation materials [89]. When electromagnets or permanent magnets are used to
create an external magnetic field, these built-in fillers are activated, which generate
the desired excitement profile and distort composed of magnetic forces or torsional
forces [90]. As like as the light, magnetic field as power source can also get remote
control activation. The great permeability in most environments further can be used
in enclosed spaces, such as bio-inspired microrobots [91], as well as in biomedical
applications [92]. Recent 3D printing (DIW) of soft composition with programmed
ferromagnetic domains have been reported for rapid transformation between complex
3D shapes [93]. Soft activating material that reacts chemically covers one wide range
of stimuli and activation mechanisms. Here, we focus on those who experience
formation when they are in contact with water. Inspired by the skin of the animal,
water-sensitive polymer formulations based on polyrole have long been used, for
generating large contractile loads and driving motion [94], but the rigid matrix does
not make it compatible with soft robot systems. More compatible hydrogel systems
with polymer networks that are very sensitive to moisture can be time-dependent
size and deformation based on the change in osmotic pressure [95]. The Soft Robot
Association has extensively investigated this mass transport of solvents subject to
Fickian’s kinetics for 3D printing that changes hydrogel structures, also known as
4D printing [96]. Density gradients or stiffness gradients in 3D printing (DIW or
SLA) may be used to create anisotropic movements [97]. Furthermore, osmotic acti-
vation can be paired with other activation plans, including hydraulics, temperature,
and light, to increase the speed of activation and reap benefits schemes [98]. Animals
(andmany plants) have a range of sensors that enable them to sense stimuli from both
within and outside their bodies (proprioception and protrusion). Although there is an
initial opportunity to develop bio-inspired soft robots that do not have the sophistica-
tion of their hard counterparts’ sensory systems, this is not the case, 3D integration
of activation and observation is still needed for bio-inspired soft robots to function,
to improve adaptation, autonomy, and potential human-robot interactions, soft robot
movement is constantly monitored and controlled [99]. Until now, most soft system
observations have been electrically realized, that implies that all forms of measured
properties have been converted to a finite extent. into electrical signals for data
collection. As a result, versatile and extendable conductors for signal transmission
and processing are a must for the creation of sensors in soft robots. Soft, stretchable
material tends to overcome the fundamentals of mechanical and electrical conduc-
tivity matching [100]. Over the last decade, numerous approaches to new materials
andmechanics have been created. There are some promising examples that solved the
problem contradictions including electronic sheets, artificial sheets, and epidermal
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electronics [101]. Admittedly, these technologies are possibly consistent with the
module and the expansion of soft robots [57]. The development and problems in the
soft robot sense have recently been explored by Wallin et al. [102] and Wang et al
[103]. Here, we concentrate on three types of observations: resistive observations,
capacitive observations, and optical observations, both of which are used to report on
material and manufacturing innovation. Resistive and capacitive observation works
by detecting the dimensional changes of conductive soft composition and insula-
tion dielectric, respectively. These conductive compositions include ionic hydrogen
(e.g., salt water raised polyacrylamide) [104]. Built-in microchannels in elastomers
[105]. Carbon nanocomposites (e.g., carbon black) or ionic liquids (e.g., sodium
chloride dissolved in water) or liquid metal (e.g., eutectic) gallium-indium [EGaIn]
alloy) [106], carbon nanotubes [CNTs] [107], or embedded chart elastomers) [108].
These formulations have benefits in terms of product mechanical compliance, low
synthesis or fabrication costs, and high conductivity, but they all have flaws like
cargo cycle hysteresis, time and environmental instability, and minimal geometric
options [109]. The use of 3D printing (DIW) to simplify the manufacturing process
while also incorporating complexobservational criteria has recently becomecommon
[85]. Using an integrated 3D printing system for multiple materials (e-3DP), where
conductive ink and supporting reservoirs are extruded directly and molded into a
slow-curing elastomer matrix, scientists could build robust and capacitive sensors
with programmable, random engineering [110]. The measurement of light variation
(mostly light intensity variations) in a light transmission medium is the basis of
optical or optoelectronic observation. The reported optoelectrical signals can detect
the distortion of the medium (i.e., optical waveguide) using a light source and a
photodetector. Low hysteresis, high precision, and long-term accuracy characterize
optoelectronic observations compared to other registration schemes that use particle
charged electrically conductive materials. Glass or plastic optical fibers, which are
commonly used in telecommunications, cannot be directly transplanted for use with
soft robots. It is not only because it is mechanically rigid, but also because it is so
built to enable long distance broadcasting with minimal possibility of loss [111]. The
challenge here is therefore to design a lossless material, with high elasticity, and low
viscoelasticity. Luckily, its lost attribute can be created by a conscience pattern rough-
ness of the waveguide or setting of the refractive index in a low configuration (e.g., a
high index polyurethane core and low index silicone clothing) [112]. Both approaches
were applied to soft orthotics or prostheses to control, indicate, observe objects in
contact, and improve agility [113] 3D printing of waveguide sensors via core cap
DIW and lightweight polymer inkjet printing were also reported as proof-of-concept
[114].

Many animals have remarkable control over their physiological appearance,
allowing them to respond to changes in the environment in real time [115].
Chameleons are blended into the background on land by arranging guanine
nanocrystal cells to alter thewavelength of reflected light [116]. Cephalopods deceive
predators in the sea by controlling their position and innervating pigment-containing
cysts on their skin [117, 118]. Fireflies flitted through the air, producing biochem-
ical reactions that shone in the dark [119]. Taken together, it is possible to mimic



Biologically Inspired Designs for Additive Manufacturing … 255

the changes associated with animal reactions to external stimuli. These changes in
liquid dynamics may give additional values in the structure of new models.

6 Conclusions

Nature has inspired people all time in terms of arts, literature, music, and philos-
ophy. Recently, scientists have been inspired by nature to mimic naturally occurring
designs to produce structures that are characterized by being strong and light. This
review study has put a focus on various aspects of taking inspiration of nature. The
importance of additive manufacturing is expected to increase in the future to cover
more applications, designs, and building more comprehensive features such as the
production of alarming systems by understanding the optimal designs provided by
nature.
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Study of Mechanical Properties
and Applications of Aluminium Based
Composites Manufactured Using Laser
Based Additive Techniques

Sumit Choudhary and Vidit Gaur

Abstract Today, Laser-based additive manufacturing is the most adaptable and
promising technology for the fabrication of complex design light weight composite
components. This chapter explores the laser-based additive techniques and the factors
that make them superior compared to conventional techniques. Both the in-situ
and ex-situ reinforced metal matrix composites can be manufactured using additive
manufacturing efficiently and can achieve higher mechanical properties compared to
conventionally manufacture. Some reinforcing materials such as ZBr2, AlN, SiC,
Al2O3, HEAs, and CNTs may help to make the aluminium based light weight
composites a promising candidate for almost all the industrial engineering sectors. In
the future, additive manufacturing may be used to fabricate new Aluminium alloys
series (2XXX, 5XXX, 6XXX and 7XXX) for manufacturing new composites by
reinforcing nanomaterials and controlling the process parameters.

Keywords Laser-based additive manufacturing · Composites · Mechanical
properties

1 Introduction

Over the last few decades, the demands of modern industries increase rapidly
for lightweight, high-performance materials having magnificent mechanical prop-
erties. In aerospace and automotive engineering, lightweight metallic materials
(Aluminiumand titanium) are amajor concern, but advanced development is required
because of poor strength and low hardness [1]. Nevertheless, these materials can
become a promising candidate for industrial applications by reinforcing them through
ceramic particles, Carbon Nano Tubes (CNTs), High entropy alloys particles, and
Graphene Nanoplatelets (GNPs), etc. These reinforcing materials have remarkably
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high mechanical properties, superior thermal properties, and extraordinary elec-
trical properties along with some other exceptional properties like relatively low
density, superior hardness, and a very low coefficient of thermal expansion [1, 2].
For a long time, a wide class of conventional manufacturing methods are used for
fabricating lightweight metal matrix composites based on their processing temper-
atures like squeeze casting, stir casting, melt infiltration, reaction infiltration for
liquid phase processing. For solid-phase processing, some conventional methods
such as pressing and sintering, diffusion bonding, friction stir welding, forging, and
extrusion [3]. Sometimes, in-situ reinforcement was also performed using different
casting processes to fabricate lightweight composites [4]. However, the conventional
methods have some limitations, such as the constraint on complex geometry and
the agglomeration of reinforcing materials, which may cause non-uniformity in the
microstructure of the grains [5].

Moreover, some materials are stable in the liquid phase. But during solidification,
they became unstable and formed some undesired phases like intermetallic and laves
within the composite matrix, which completely deteriorates the mechanical proper-
ties of the composite [6]. Therefore, Additive manufacturing was developed and has
proven design freedom with time, making it an excellent material processing tech-
nique having the capabilities to fabricate any design geometry that humans can think
of [7]. Additive manufacturing also suppressed the agglomeration problem with the
help ofmanipulating the process parameters and adding reinforcedmaterials [8]. The
reinforced materials are incorporated in the matrix either ex-situ or in-situ. When
these reinforced particles interact with the matrix material during the melting and
solidification, they get very short period, due to which they do not segregate or
agglomerate [9].

Recently, in the COVID-19 pandemic, additively manufactured products are
currently being used by patients and front-line workers in hospitals, such as face
shields, face masks, nebulizers. These products are diversely designed due to emer-
gencies [10]. However, some medical devices like the charlotte valve, venture valve,
snorkeling mask, nasopharyngeal swab, portable oxygen cylinder kit, and oxygen
concentrator components require strict design standards. Therefore, some insights
into additive manufacturing based on material and processing parameters are still
needed to mitigate the future requirements [11]. This technology even opens new
doors in the field of space technology, giants like SpaceX, GE, NASA, ISRO, and
Skyroot Aerospace (100% 3D printed Dhawan-1 rocket engine [12]) industries
continuously promote and develop additively manufactured small and medium-size
components like fuel injectors, nozzles, diffusers guiding vanes and some other hot-
section components in the spacecraft, and also testing entirely 3D printed cryogenic
engines for future applications [13, 14]. The automobile industries are continuously
testing and developing additively manufactured components such as turbochargers,
alloywheels, brake line holders, hose holders, and chassis components for racing cars
and regular vehicles to improve the overall efficiency by weight reduction without
compromising the strength [15, 16]. Additive manufacturing also helps in reducing
the inventory of spare parts in the automobile industry [17].
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Moreover, AM is tremendously used in bio-implants applications to fabricate the
light composites of titanium and biodegradable magnesium alloys [18, 19]. AM is
very popular for bio-implants because of its potential to create complex geometries
and tailor the implant’s mechanical properties [20]. Recently, 3D Systems has been
launched the latest hybrid maxillofacial surgical guide to its Computer-generated
Surgical Planning service in that they train dentists about 3D printed dental implants
[21].

Additivemanufacturing techniques like Selective LaserMelting (SLM), Selective
Laser Sintering (SLS), and Electron beam Melting (EBM) are some of today’s most
exploited techniques. The industries are also incorporate these techniques because
of design freedom, time-saving, and cost-effectiveness. In addition to that, they have
the capabilities to use any material for fabrication, which either be a ceramic, metal,
polymer, and can be in any phase either in solid, liquid, or powder form [22]. More-
over, AM can easily tailor the component’s properties and can be easily controlled by
varying the process parameters, matrix material, and reinforcement materials. The
combination of these three primary things can be used to tailor the microstructure
of grains that finally provide the tailored properties [23]. In most of the aluminium
based composites fabricated by the AM, mechanical properties, wear resistance,
and corrosion resistance are improved after the reinforcement [24–26]. So far, only
conventional techniques are used for the manufacturing of lightweight composites.
However, in this chapter, the novelty found in different studies of additively manu-
factured lightweight composites are tried to present collectively to design a better
plan for future development in the same field.

Furthermore, some aluminium alloys and their composites which come under
the category of high strength alloys, strain hardened such as 2000, 5000, 6000, and
7000 series, are still far away from the reach of laser-based additive manufacturing.
Because these alloys having a problem of cracking during solidification (or hot
tearing) and also contains some alloying elements which are volatile at processing
temperature [27, 28]. However, this problem can be reduced in future research by
reinforcing some suitablematerials, optimizing the process parameters, or developing
some more new techniques. By combining all the capabilities and future aspects of
laser-based additive manufacturing, the lightweight MMCs components can become
the most promising candidates to encounter the challenges of the industries such as
healthcare (bio-implants and other equipment), automotive, and aerospace, etc. So,
in the next heading discussion about the origin of additive manufacturing and how
it works is elaborated.

2 Additive Manufacturing Processes

In 1984 UVP, Inc. granted a patent US45755330, which is later allotted to the Chuck
Hull (3D Systems Corporation) for the stereolithography fabrication system, which
shows the capabilities of adding a layer by layerway to fabricate the components [29].
The hull’s contributed the STL (Stereolithography) file format, which is even today
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Fig. 1 Simple flow chart of the complete additive manufacturing process

used to slice the digital (CAD) drawing for additive manufacturing (AM) machine.
Later Hull’s commercialize his first 3D printer (SLA-1) [30]. Many technologies
are available in the market, which are used to fabricate the components additively,
like rapid prototyping (RP), layered manufacturing (LM), additive manufacturing,
3-dimensional printing (3DP), and solid freeform fabrication (SFF), etc. In additive
manufacturing, the material is added in a layer-by-layer manner in three-dimensions
which finally create the same product as fed by the computer design, thus the process
called additive manufacturing [31]. In simple words, additive manufacturing is just
the reverse of subtractivemanufacturing processes like shaping andmilling. A simple
flow chart of the complete process is schematically revealed in Fig. 1.

Additivemanufacturing can be used to fabricate almost all categories ofmaterials,
whether metals, polymers, and ceramics, along with the combinations of them like
metal matrix composites (MMCs), Polymer matrix composites (PMCs), and their
functionally graded materials (FGMs). The reinforcing elements can also belong to
any category of metals, ceramics, and polymers.

The freedom of design developed by theAMprocess evenmakes it more powerful
to fabricate any complicated geometric design. This powerful feature makes it the
need of future technology, and it’s rapidly becoming mature day by day. Even in
today’s time, this technology is used in almost all areas. In contrast, conventional
manufacturing techniques don’t have freedom of design, and wastage is high, which
means high cost. The broad comparison of different factors is discussed in the next
section.

3 Additive Manufacturing Versus Conventional
Manufacturing

AM has removed all the barriers from fabrication processes. Today Engineers can
design and customize anything without worried about fabrication constraints. The
mechanical properties can easily be tailored in a required orientation by control-
ling the process parameters and the rawmaterial composition. While in conventional
techniques, it is almost impossible to manipulate the required properties according to
the design requirements. The AM nowadays is also used for repairing the purpose of
failure components, as shown in Fig. 2b. The functionally graded Materials (FGMs)
components are easy and cheap to fabricate using AM just by changing the feedstock
mechanism.Theporousmaterial used for bio-implants, drugdelivery, and tissue engi-
neering can easily be manufactured by the AM, as shown in Fig. 2a. Moreover, AM
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Fig. 2 a EBM technology used to fabricate a 3D mesh titanium mandibular prosthesis scaffold.
b Directed energy deposition process used to repair damaged blisk c using EBM Lattice-structured
Ti6Al4V foams was built. Adapted from Liu [32]

gives a new opportunity to fabricate lightweight composite materials for structures
with complex geometries, see Fig. 2c.

The fabrication of structure of multi-directional composites are now become very
easy because of optimization of design parameters and to manufacture prototype by
iteration of process parameters. The summary of the comparisons between AM and
conventional techniques is shown in Table 1.

Before discussing the classification of additive manufacturing, let’s discuss some
of its important parameters that affect the final product’s properties.
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Table 1 The collection of comparison factors between AM and traditional techniques

Factor Additive manufacturing Conventional manufacturing

Product complexity Developed to fabricate any
imagined geometric complex
product

Challenging to fabricate complex
geometries. The complex parts are
manufactured separately and
assemble

Post Processing Post-processing depends upon the
material and process used for
fabrication. Polymer-based
fabrication mostly doesn’t require
any post-processing However the
metal and ceramic-based
composites require very little
post-processing

Almost all the fabricated products
require some kind of
post-processing

Resource utilization The optimized quantity of
resources is consumed because
the final product is fabricated
directly from the CAD design

Consumption is very high because
at each stage, from design to final
product, the resources are
consumed in much higher amount

Material consumption Almost no wastage of raw
material because of optimization
of design and fabrication process.
The unprocessed material can
easily be reused

Material wastage is very high due
to the requirement of
post-processing and the complex
geometries manufactured
separately

Prototyping Highly recommended for
fabrication of the prototype. To
quickly evaluate and perform
iterations of design parameters

Not suggested for fabrication of
prototype because of
time-consuming and high
expenditure

Cost Most of the cost is utilized in
optimizing the fabrication
parameter for a material; once the
parameters are optimized, the cost
is less for small and medium
batches production

These techniques are expansive for
medium and small production
batches because of the high
consumption of resources, time,
and post-processing

Time It can fabricate the product in few
minutes because it directly takes
from the CAD model. These
techniques also help in reducing
inventory, controlling the supply
chain, etc.

Time-taking techniques require the
dyes, moulds, molten raw material,
post-processing, and proper steps
to fabricate the end products

Applications Complex geometry components
like Carburettors in Automobiles,
Turbine blades, Bio implants, hot
section components, etc.

Simple geometry components like
casted engine blocks, casings,
extruded parts, roads, I- sections,
etc.

Adapted and modified from Fereiduni [1]
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4 Some Important Parameters of Laser-Based Additive
Manufacturing

In advanced laser-based additive manufacturing machines, hundreds of parameters
are available such as laser selection, operational mode, laser energy density, vector
length, beam spot size, scan angle, ratio of length to width, beam spatial distribu-
tion, point overlapping, laser wavelength, and pulsed or continuous operation [33].
However, the parameters generally considered are laser power, scan velocity, hatch
distance, laser scan pattern, and layer thickness [34], as shown in Fig. 3.These general
parameters are the majorly regulating parameters and will be discussed.

4.1 Laser Power

The laser power should be adjusted along with the laser spot to provide sufficient
heat to melt or sinter the powders. To process the materials having high melting
temperature, the laser of high energy density is required, which can be achieved by
reducing the spot size by keeping the laser power same. It is the main parameter
of processing because it decides the interaction between material and laser. So, its
magnitude depends upon the kind of material that is processing. For polymers, it
could be around 3–5 W, for metals in the range of 100–250 W, and for ceramics, it
may go up to 500 W [35].

Fig. 3 Processing
parameters of laser-based
additive manufacturing
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Moreover, laser power also depends on the layer thickness; as the layer thickness
increases, more laser power is required to melt the powder properly. The accuracy of
the fabricated part controlled by the size of the laser spot (30–600 μm); the smaller
the size higher will be the accuracy [36]. Generally, for very complex designs, a tiny
spot size is required. The laser-based machines are generally equipped with either
CO2 (λ ≈ 10.6μm) laser or Nd: YAG, Yb: YAG or Nd: YVO4 (λ ≈ 1.06μm) lasers.
The CO2 laser mostly preferred for the oxides ceramics and the YAG laser for the
metals and carbides ceramics [37]. The YAG laser machines give more accuracy than
CO2 laser because of the smaller laser spot size [38].

4.2 Scan Velocity

The rate at which the laser beam scans a powder strip (line) on the powder bed is
called scan velocity. The fabrication rate or welding rate directly depends upon the
scan velocity, higher the scan velocity higher will be the fabrication rate. Moreover,
laser energy density also depends upon the scan velocity; the higher the scan velocity
lower will be the laser energy density. So if scan velocity is higher, the energy density
may not be sufficient tomelt or fuse thematerial powder particles properly. Therefore
to optimize the scan velocity generally, laser power, laser spot size, and laser energy
density are considered in the calculation as given by the relation (1) [39].

Laser energy densi ty = laser power

laser spot si ze × scan veloci ty
(1)

It also depends upon the material to be processed. Generally, the scan velocity
used during the process lies in the range of 0.1–15mm/s. The chance of balling effect
(Spheroidal beads) ismore at higher scan velocity,which is explained by theRayleigh
instability to reduce the balling effect; high laser power and low scan velocity are
suggested [35, 38, 40, 41].

4.3 Hatch Distance

The distance between the two adjacent melting strips/vector is known as hatch
distance [42]. It mostly lies in the range of 20–400 μm. Generally, the laser spot
size kept greater than the hatch distance because it decides the percentage of over-
lapping [38]. The overlapping is required to reduce the porosity because, in Gaussian
beams, the power is concentrated at the laser beam centre. At the boundary, the less
laser energy density causing in melting only at the centre portion remaining portion
either partially melt or heated [34]. The hatch distance is also kept smaller when
complex geometry components are fabricating. The fabrication rate also depends on
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the hatch distance; the higher the hatch distance, the faster the fabrication or scanning
rate [35].

4.4 Laser Scan Pattern

The way to scan the powder on the powder bed is commonly known as the laser scan
pattern. It may be parallel lines, anti-parallel lines, lines at any specific angle (30°,
45°, 60°), or zigzag patter. Fill and contour are the two most common categories of
scan pattern; fill referred to the scanning across all over areas, and contour referred to
the scanning at boundaries. The mechanical property, surface roughness, and defects
of the final product are majorly depends upon it [43, 44]. Therefore it should be select
according to the requirement of the final product properties.

In most cases, to remove the anisotropy and defects from the products, the
scan direction changed by 90° in every sequential layer [35]. Moreover, to reduce
shrinkage stresses, the scanning pattern of small islands can also be employed, which
reduces the problem of localized heat build-up from larger areas and reduces thermal
stresses and thermal cracks. In addition, to reduce the balling effect repeating scan
pattern is preferred [41].

4.5 Layer Thickness

Layer thickness is the thickness of the powder recoated every time, followed by the
processing of successive layers. This operation is done by reducing the height of the
powder bed/build platform [35]. The thickness of the slice was defined in the CAD
model is exactly equal to the layer thickness, which is physically converted by the
feeder/recoater unit. The broad range of layer thickness lies under 30–300 μm [38].
Layer thickness is another crucial parameter directly related to mechanical proper-
ties, surface roughness, and fabrication speed. For higher accuracy components, the
smaller layer thickness is preferred, but that increases fabricate time which means
higher cost of the components and for bigger layer thickness the higher laser energy
density is required. Therefore optimization of layer thickness is required by consid-
ering the laser energy density. The laser energy density is calculated by the given
relation (2) [45].

Laser energy densi ty = laser power

hatch distance × scan veloci ty × layer thickness
(2)

The smaller layer thickness can achieve a smoother surface and dimensional
accuracy because the shrinkage after melting and defects will reduce significantly.
Hence, better mechanical properties can be achieved. But the smaller size powder is
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highly suggested for the smaller layer thickness and higher dimensional accuracy,
which also improves the flow ability of the powder during recoating [35].

After discussing all the important parameters and their fundamental relations, the
detailed classification is deliberated in the next section, along with a supporting flow
chart and the figures.

5 Classifications of Additive Manufacturing Process

To Understand the AM in a better way ASTM committee has divided the techniques
into different classes based on the basic principle of working, feedstock, power input,
and applications [46]. The majority of the process fall into one of two groups, viz; (i)
based on raw material state, i.e., solid (bulk), liquid or powder, and (ii) source used
for the fusion of material on the molecular level, i.e., laser, electron beam, UV-light
or thermal [13]. The AM processes that are often encountered are exposed in Fig. 4.

LBAM is an advanced manufacturing system; metal parts, polymers, compos-
ites, and functionally graded components can fabricate easily. In LBAM, the laser
is employed to deliver the thermal energy for completely or partially melting of the
additive material, and in the case of polymers, additive manufacturing laser (specific
wavelength) is used to begin the chemical reaction in vat polymerization [47]. For
LBAM, the initial state of material can be solid (metals, plastic), liquid (resins),
and powder (metals, ceramics, and polymers) form [48]. For solids and liquids as a

Fig. 4 Broader classifications of laser-based additive manufacturing
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starting material, the AM processes commonly used are Wire Laser Additive Manu-
facturing (WLAM), LaminatedObjectManufacturing (LOM) and, stereolithography
(SLA), respectively [49]. Selective Laser Sintering (SLS), Selective Laser Melting
(SLM), Electron BeamMelting (EBM) are the AM techniques considered to be best
for Powder as an initial material [50]. Complete melting, limited melting (Solid-state
sintering), liquid phase sintering, and chemically made binding are the molecular
level fusion mechanisms of powder processes through LBAM. The overview of all
the above listed LBAM is discussed in the following segment.

5.1 Wire Laser Additive Manufacturing (WLAM)

In WLAM, the melt pool on substrate material is generated by the high-intensity
laser source, and the metal wire is fed as an additive material. The melted fed wire
is bound to the substrate through metallurgical bonding. By the motion of laser
gun head and wire feeder, i.e., welding tool unit, relative to the substrate, bead
formation occurs during solidification, as shown in Fig. 5a. Generally, the robotic
arm is used for WLAM, which provides the 6-axis relative motion between the
substrate and welding tool, and this 6-axis relative motion help in fabricating the
complex components accurately. Figure 5a also shows the bead formation along
with real process images [51]. Before deposition, the process parameters are needed
to be select and tune the equipment accordingly. Some important process parameters
are the power of the laser (Voltage and current input), wire feed stock rate, and
traverse speed of the welding tool. These parameters control the input of energy, rate
of deposition, and beads cross-sectional profile (width and height) [52]. Moreover,
wire diameter, wire/substrate angle, wire tip position with respect to the melt pool,
and feeding direction are additional parameters needed to be carefully tuned to get
stable deposition on a substrate. The volume of wire fed into the melt pool with
respect to traversing speed and the laser power can be employed to determine the
height of the bead [53, 54].

Figure 5b demonstrates that the deposition of specimen wall is smooth with miner
irregularity; hence the chance of post-processing machining is lower. Figure 5c
shows the geometric andmetallurgy features of the wall cross-section. Regular shape
geometry of the order of tens of mm scale is present [55].

5.2 Laminated Object Manufacturing (LOM)

In this technique, the paper and adhesive are used to fabricate the 3Dobject by consec-
utive layers of one side adhesive applied paper sheets. The geometry is achieved by
cutting of laser, as shown in Fig. 6a, b. The rollers supply the building material, and
other heatedmoving rollers are used to promote pressure and strengthen the interlayer
bonding of adhesion applied paper sheets. The final part has properties similar to that
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Fig. 5 a Left: Sketch of interaction between laser-wire, the relative motion of the fabrication
tool and the substrate causes the molten metal to solidify into a bead. Right: view (top and side)
of real process images adapted from Heralic [51]. b A demonstration wall after fabrication, and
c cross-section image [55]

Fig. 6 a Schematic of Laminated Object Manufacturing setup adapted from Razavykia [58]
b Sample of a model fabricated by LOM systems [59]
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of wood, and the dimensional accuracy of 0.1 mm can be achieved [56]. LOM can
also fabricate Polymer-based composites; in that case, the fiber reinforcement infil-
trates the thermoplastic or thermoset polymer matrix through the melting and fusion,
which finally imparts them interlayer bonding [57]. Ultrasonic Additive Manufac-
turing (UAM) is a category of LOM which combines both additive manufacturing
and subtractive CNC milling operation to achieve the geometry of metallic compo-
nents. The ultrasonic vibrations achieve solid-state atomic bonding by progressive
downward force and motion with shallow heating. The CNC milling process is used
to remove excess material [58].

LOM technique has some advantages like very economical and risk-freematerials
(paper, plastics.). The concept of process is simplewith high operational speed. Some
drawback of this technique is the waste of a large amount of material, which depends
on the geometry of component. Low strength because of a fragile wall (~1 mm) and
anisotropy of mechanical properties [59]. The possible field of application for LOM
is patternmaking for sand casting, investment casting, and ceramic processing, which
indeed reduce the process steps and cycle time [60].

5.3 Stereolithography (SLA)

Stereolithography (SLA) generally known as Photopolymerization. The UV radia-
tion or scanning laser is used to curing the photosensitive monomer resin, and the
photoresin fluid is transferred into a cross-linked solid [61]. The highly detailed
components having dimensions in the range of micrometer to millimeter can be
easily fabricated by SLA, a specimen is shown in Fig. 7b. According to a design,
the cross-section of the part is scanned by a laser beam up to a certain depth of
photoresin. The accuracy of the laser beam is controlled by the motion of orthogonal
revolving mirrors, after the complete scanning of the photoresin of current layer.

Fig. 7 a Schematic of stereolithography (SLA) adapted from Razavykia [58] b Specimen of a
model fabricated by SLA method prior to the elimination of the supports [59]
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The building platform moves downward, and the feed stocker recoats the part by
photoresin according to required thickness as shown in Fig. 7a, the layer is scanned
again [62]. For achieving the required mechanical properties, the crosslinking reac-
tion has to be complete. Therefore, the post-processing curing process is an essential
process of SLA to complete the crosslinking [63].

By controlling the viscosity and photoreactivity of photoresin we can tailor the
mechanical (Young’s modulus, and strength) properties of the SLA components over
the wide range [64]. Moreover, the mechanical properties are highly reliant on the
photopolymer network density; for example, elastomeric properties are desirable in
tissue engineering and biomedical. Therefore, the photoresin with lower network
density is used to achieve elastomeric properties because, by solvent, we can easily
replace the large fraction of resin [65]. Some applications of SLA are dental models,
fast prototypes, hearing aids, and electronic circuit printing.

5.4 Selective Laser Sintering (SLS)

Selective laser sintering is a subcategory of powder bed fusion technology that manu-
factures 3D layeredmodels/components using laser beams [66]. Thedifferent binding
methods such as chemical reactions, solid-sate sintering, and fractional melting or
complete melting methods are used in SLS to join the powder particles [67]. This
method sinter the powder by heating, and this heating is generated by the laser scan-
ning in a controlled manner, as clearly shown by the schematic in Fig. 8a. Under a
high power laser, the fusion of powder occurs by molecular diffusion, and the path
of laser for the selected region is controlled by the program fed to the machine.
Once the layer is complete, the same process repeats for the next layer, and the
same process keeps repeating until the complete component is fabricated. Finally,

Fig. 8 a Schematic diagram of SLS 3D printing method adapted fromWang [69] b Parts made by
SLS method [59]
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the unused/ remaining powder is cleaned, and the final product is ready to use [68].
A complex geometry example is revealed in Fig. 8b.

The resolution/ surface finish of SLS components highly depends on the nature
and size distribution of the powder particles, scanning speed, spacing, layer thickness,
and laser power [70]. In the SLS process, to hold the powder particles in most cases,
the liquid binder is generally used [71]. The laser sintering/binder polymer materials
mostly utilize in the SLS process are polycaprolactone (PCL) and polyamide. The
SLS process has some advantages, like the unused powder can be reuse (recycla-
bility). The resolution of printing can be achieved of 20–150 μm, and an extensive
series of materials can be print easily [72]. In contrast to that, having some disadvan-
tages like the slow process compared to SLM, shrinkage in printed 3D components
because of localized heating followed by rapid cooling.

5.5 Selective Laser Melting (SLM)

Selective lasermelting technique comes under the Powder Bed Fusion (PBF) additive
manufacturing technologies. It uses a high-intensity laser beam to melt the selective
site of powder in the layer by layer manner and the path of laser decided by the
computer-aided design (CAD) data. The CAD data cannot be fed directly to the
SLM machine. First, we have to process the STereoLithography (STL) files using
software, which prepares slice data of whole designed component for laser scanning
of every layer and provide the structural support to any overhanging feature of the
design, then only we can upload the CAD data to the SLMmachine [73]. The process
beginswith putting the thin layer ofmetallic powder over the substrate plate inside the
inert chamber. The high-power laser starts melting and fusing the metal powder from
the specific area according to the program and data provided to the machine [74].
After completing the laser scanning, the new layer of metal powder (20–100 μm)
was laid by the recoater by lowering the building platform with the same height of
slice we prepared with STL file, and again laser will scan, shown in Fig. 9a. This

Fig. 9 a Schematic diagram of Selective laser melting (SLM) adapted from Razavykia [58] b Part
made by SLM/DMLS methods [59]
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process will continue automatically until the required component completely builds
[75]. The remaining powder (loose powder) is cleaned from the fabrication chamber,
and to separate the element from the substrate plate, we may use any manual method
or electric discharge machining (EDM). Some important parameters of SLM are
input power of the laser (Current and voltage), hatch spacing, scanning speed, and
thickness of the layer. Toprevent oxidationof the parts during fabrication, the building
chamber is generally filled with inert gases like argon and nitrogen. The facility of
preheating the substrate plate is also integrated with the modern SLM machine to
reduce residual stresses and thermal stresses. Amodel fabricated by SLM is revealed
in Fig. 9b.

There is no need for post-processing and post-machining in SLM except for
detaching the substrate plate from the parts and supports. SLM can produce fully
dense near-net-shape components because, during the process, we can achieve
complete melting of the material powder. These all capabilities of SLM make it
a superior AM process as compared to SLS. The SLS binds the materials powder by
melt the binder agents or solid-state sintering. There is no fully melting of powders
which results in low strength and porosity. Therefore post-processing is always the
necessary step in SLS [73].

5.6 Electron Beam Melting (EBM)

Electron beam melting also belongs to the category of SLM and SLS, i.e., Powder
Bed Fusion (PBF) AM technologies. However, it has some working differences and
advantages over them. In EBM, the electron beam is employed to melt or fuse the
metal powder in place of a laser beam, andmost of the laser-based process required an
atmosphere of inert gases. In contrast, the electron beam required a vacuum environ-
ment. The schematic of the EBM machine with one example of complex geometry
fabricated is shown in Fig. 10a, b. The vacuum environment in EBMcreates a consid-
erable difference compared to laser-based systems because the high temperature can
be achieved to fabricate parts without considering the risk of oxidation. However, the
EBM system is very expensive because of the building vacuum inside the fabrication
chamber. The residual stresses are also lower as compare to laser-based systems [76].
There is no need to post-processing (stress-relieving, machining) the components
manufactured by the EBM [76].

The EBM preheat the powder inside the powder hopper before the melting phase,
hence reduce the temperature gradients, due to which no formation of heat cracks
[79]. EBMis one of the superior technology thatworkswith awide range ofmaterials,
including stainless steel (17-4), tool steel (H13), titanium and its alloys, Nickel alloys
(IN 718, IN 625, etc.), cobalt-based alloys (Stellite 21), Invar, hard metals (NiWC),
copper, niobium, and aluminium alloys alongwith complex geometry and fully dense
components [80–82]. The SLM and SLS systems give a better surface finish than
EBM because of the smaller laser beam size, and the powder thickness layer led
down by the recoater is thinner [76].
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Fig. 10 a Components of an Arcam machine (an EDM machine) adapted from Galati [77], and
b An example of model [78]

The MMCs can be manufactured by using any technique except LOM, as
discussed above. Now emphasis on the development of MMCs and their types in
the next section.

6 Additive Manufacturing Techniques for Developing
MMCs

ISO/ASTM 52,900 has standardized the Additive manufacturing processes and cate-
gorized them into Powder bed fusion (PBF), material jetting, VAT polymerization,
sheet lamination, binder jetting, and direct energy deposition (DED), etc. [46]. These
are based on powder, liquid, solid-layer, i.e., state of rawmaterials as shown in Fig. 4.
But, in this chapter, focus only on laser-based additive manufacturing processes. The
laser-basedMetal matrix composites mostly manufactured using powdered state raw
material by reinforcing either by fibers or particulates. A few papers are found in
the literature that shows trends to fabricate the laser-based MMCs from solid-state
raw materials. The reason behind this may be it’s difficult to achieve the complex
geometry by using the solid-state raw material like in the case of the sheet-layer AM
process [34, 70]. As a result, this chapter is limited to particulates reinforcedMMCs.
MMCs aremade up of at least twomaterials: a distributed phase of metals, a ceramic,
or a polymer embedded in a metal matrix (Parent material is always metal in case of
MMCs).

Ex-situMMCs and in-situMMCs are two different types ofMMCs [83]. Figure 11
depicts the schematics of both ex-situ and in-situ MMCs. Ex-situ MMCs are rein-
forced by externally synthesized reinforcing materials which pre-mixed with the
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Fig. 11 The sketch of metal
matrix composites a ex-situ
b in-situ; adapted from
Mahmood [86]

matrixmaterial or fed into themelt pool independently during processing. In contrast,
in-situ MMCs are reinforced by the reinforcing materials that are fully synthesized
within the matrix by chemical reactions in the melt pool during processing. [1, 84].
However, in the ex-situ MMCs, complete powder melting is not needed, which is
why sintering and binding-based processes such as Selective laser sintering (SLS),
Direct metal laser sintering (DMLS), and Binder jetting are can be commonly used
[85].

In the case of in-situ MMCs, however, complete powder melting is needed, and
the most widely used processes are Selective Laser Melting (SLM) and Electron
Beam Melting (EBM) [22]. In-situ synthesized composites have many advantages
over other processes because of fine reinforced particle size, the better interface
between the reinforcement and matrix, along with homogeneous distribution, due
to which they have much improved mechanical properties as compared to ex-situ
composites [87, 88]. Moreover, for large-scale production of in-situ MMCs, the
casting route is economical and more accessible than powder metallurgy and other
processes [89]. However, because of design constraints like complexity and fast
analysis of parameters, laser-based AM processes are preferred. In-situ light weight
Al and its alloy composites are commonly reinforced by theMg2Si, ZrB2, TiC, TiB2,
AlN, and Al2O3 [4].

The LBAM is the most potential and fast way to manufacture both ex-situ and in-
situ composites, which shows significantly highmechanical properties [90].Mechan-
ical properties are discussed in the next section by considering different studies
from the literature. The energy/ enthalpy generate by the laser is effectively used to
complete the reaction in in-situ reinforced MMCs. However, it has also been found
that in-situ composites are thermodynamically more stable as compare to ex-situ
because they form as an equilibrium product of the reaction [91]. Some reactions of
In-situ reinforcement are summarized in Table 2.
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Table 2 Summarizing In-situ reinforcement reactions

Reinforcements Reactions References

TiB2 and ZrB2 2KBF4 + 3Al = AlB2 + 2AlF3 + 2KF
K2TiF6 + 133Al = TiAl3 + 43AlF3 + 2KF
K2ZrF6 + 133Al = ZrAl3 + 43AlF3 + 2KF
TiAl3 + AlB2 = TiB2 + 4Al
ZrAl3 + AlB2 = ZrB2 + 4Al

[92]

Al4SiC4 4Al + 3SiC = Al4C3 + 3Si
4Al + 4SiC = Al4SiC4 + 3Si

[93– 95]

AlN 2Al + N2 = 2AlN
2Al + 2NH3 = 2AlN + 3H2

[96, 97]

Al2O3 Fe2O3 + 2Al = Al2O3 + 2Fe [98]

Al2O3 4Al(l) + 3TiO2(s) = 2Al2O3 (s) + 3Ti(s) [99]

7 Mechanical Properties of Lightweight MMCs Made
by Additive Manufacturing as a Function
of Reinforcement Features

Mechanical properties of laser-based Light weightMMCs have been broadly studied,
and remarkable improvement has been recorded in both in-situ and ex-situ reinforced
composites. Here are some relevant studies selected from the literature to completely
understand the mechanism behind the improvement of mechanical properties.

7.1 Hardness

The effect of in-situ ZrB2 particles on microhardness and macrohardness of AA6061
has been studied by I. Dinaharan et al. [100]. The trend of microhardness and
macrohardness increases as the weight percentage of ZrB2 increases, the changes
in microstructure with varying ZrB2 from 0 to 10% are revealed in Fig. 12 (a-h).
The microhardness of AA6061- 10%ZrB2 composite is 32.71% higher, and macro-
hardness is 42.65% higher concerning AA6061 alloy; the trend is shown in Fig. 12
(i). This significant improvement in the microhardness and macrohardness may be a
result of ZrB2 in the matrix. The dislocation density of composite may be increased
during solidification because of ZrB2 particles occurrence and having different coef-
ficients of thermal expansion of reinforcing and matrix materials. Increases in the
density of dislocations and the reinforcement particles, in turn, provide the resistance
to the movement of dislocations on slip systems; hence plastic deformation becomes
difficult. Therefore, the hardness is improved significantly.

Chang et al. [101] have shown that the microhardness of the SLM processed
Aluminiummatrix composites can be improved just by varying the initial size of SiC
particles in the in-situ hybrid reinforced (Al4SiC4 + SiC) composites, as revealed in
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Fig. 12 Optical images of AA6061 based composite containing varying ZrB2 reinforcement: a 0%
ZrB2, b 2.5% ZrB2, (c and d) 5% ZrB2, e 7.5% ZrB2, f 10% ZrB2, g 5% ZrB2 and h 7.5% ZrB2,
i microhardness and macrohardness of AA6061 based composite as a function of ZrB2 weight
percentage adapted from Dinaharan [100]
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Fig. 13e. Typically, the microhardness of SLM processed composites is higher due to
higher cooling and heating rates related to conventional processes. However, densi-
fication and reinforcement can be the vital factors that influence the microhardness
of Al matrix composites processed by SLM. In this study, the SLM processed Al
matrix is reinforced by various reinforcing phases, i.e., residual/Coarse SiC particles,
Al4SiC4 having particle and plate-like structure as clearly presented in Fig. 13a–c.
The average value of microhardness of Al matrix composite reinforced by the Coarse
SiC particles is 127 HV0.1 which is even below the unreinforced SLM processed
AlSi10Mg alloy (approximate maximum value 145 HV0.1). Improper melting of SiC
particles is the major cause for the fragile interfacial bonding among the Al matrix
and residual SiC particles and the presence of micro pores due to which relatively
lower density and hence lower microhardness as revealed in Fig. 13d, e. One more

Fig. 13 FE-SEM images presenting the microstructure of SLM-processed (Al4SiC4 + SiC)/Al
hybrid reinforced composites with different particle sizes of the starting SiC reinforcing powder:
a particles of coarse SiC (D50 = 50μm);b particles ofmediumSiC (D50 = 15μm); and c particles of
fine SiC (D50 = 5μm)d relative density variation of SLM-processed (Al4SiC4 +SiC)/Al composite
samples, and e variation inmicrohardness of SLM-processed (Al4SiC4 + SiC)/Al hybrid reinforced
composites by varying the initial particle size of SiC adapted from Chang [101]
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possibility is that the micropores or weak interface have underneath the micro indent
during the test, and a considerable variation inmicrohardnesswas recorded.When the
medium size SiC particles are reinforced in the Al matrix, the average microhardness
was recorded is 188 HV0.1 along with reduced fluctuation in it, which is because of
improvement in the reaction and melting of SiC particles hence higher densification,
reduction in micropores, and the better interface between the reinforced SiC particles
and Al matrix. The SLM processed Al matrix reinforced by the fine SiC particles had
made the ultrafine particle–shaped Al4SiC4 reinforcement and meanwhile formed
in-situ plate-like Al4SiC4 reinforcement, shown the remarkable improvement in the
microhardness of the SLM processed aluminium based composite. The composite
with fine SiC has considerably achieved the average hardness of 218.5188 HV0.1..
By reducing the size of SiC particle from coarse to fine, the microhardness was
improved significantly because of full densification rate was achieved during the
process. Since the ultrafine and plate-like structures of Al4SiC4 reinforcement have
produced coherent interface bonding among the matrix and reinforced particles, the
dispersion strengthening effect these are the main reason for improving the micro-
hardness. Moreover, the heterogeneous nucleation sites provided by the ultrafine
SiC4 particles during solidification and the matrix’s grain size are also refined. Thus
the combined effect of grain refinement and dispersion strengthening comes into
play in SLM processed hybrid Al matrix composites.

DongdongGuet al. [102] have studied theCarbonnanotube (CNTs) reinforcedAl-
based nanocomposites manufactured by SLM. Figure 14h depicts the microhardness
of CNTs/Al-based composites at different process parameters of SLM. The optimum
scanning speed was 2.0 m/s, at which maximum microhardness was achieved, i.e.,
154.12 HV0.2. Interestingly, at all the scanning parameters, the microhardness of
SLM processed CNTs/ Al composites specimen is higher than the AlSi10Mg alloy
(SLM processed) specimen, i.e., 127 ± 3 HV0.5 and even from the components of
CNTs/Al composites specimen manufactured by the powder metallurgy (<100 HV)
[103].Microhardness distribution depends upon the densification and themicrostruc-
ture formed during solidifying the components [104]. At high scanning speed, the
fluctuation in microhardness was noticed because the material does not get sufficient
time to solidify appropriately and achieve the optimum densification. The maximum
microhardness achieved during the optimum scanning speed (2.0 m/s) is because of
proper densification along with the reinforced CNTs, and the Si precipitated particles
are enveloped byAl4C3 as shown in Fig. 14g, supportingEDXalso show the elements
present in the enveloped region, i.e., Al, Mg, Si, C. This Al4C3 has improved the
interface bonding between the reinforced CNTs and matrix materials significantly,
hence increased the resistance to plastic deformation [105].

At relatively higher (2.2 and 2.4 m/s) and lower (1.8 m/s) scanning speeds, much
fluctuating behaviour was observed in the microhardness as compare to optimum
(2 m/s) scanning speed as shown in Fig. 14h because of limited densification and
lack of interface between the matrix and reinforced CNTs. However, at the optimum
scanning speed, the perfect combination of densification and interface is achieved.
Moreover, the grain refinement of the Al matrix, the Si particles precipitates, and
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Fig. 14 a FE-SEM images of SLM-processed CNTs/Al composite samples microstructure, manu-
factured at Power = 350W and scanning speed = 1.8 m/s; the elemental distributions of bAl, c Si,
dMg, and e C elements through EDX mapping; (f, g) SLM-processed CNTs/Al composite sample
microstructures, fabricated at Power = 350 W and scanning speed = 2.0 m/s, f low magnification
g higher magnification, and h microhardness distributions of samples processed at different SLM
parameters along with indent FE-SEM images, adapted from Gu [102]

CNTs are covered by the Al4C3, which led to further improvement in the micro-
hardness. The microstructure at optimum scanning speed is revealed in Fig. 14a. The
Al4C3 has covered the outer most layer of reinforced CNTs, which have improved the
interface abruptly between theAlmatrix andCNTs,which further enriched the hurdle
to the plastic deformation. Hence the microhardness and tensile properties improved
significantly. Some of the aluminium-based composites studies are considered in the
next section. The tensile and compressive strengths are broadly discussed with the
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Table 3 Representing the outcome of reinforcement on the microhardness/hardness of composites

Process Materials Microhardness/hardness References

matrix Reinforcement

SLM AlSi10Mg 0.5% MWCNT Enhanced by 8.264% [106]

SLM AlSi10Mg 4wt%Cr3C2-25%
NiCr

Enhanced by 32% [107]

SLM Ti6Al4V Mixed gas atmosphere
(N2 and Ar)

Enhanced by 36.3% [108]

SLM AlSi10Mg Submicro-TiB2 Increased by 110% [109]

Laser solid
forming
(LSF)

2024Al 3%TiB Enhanced by 44.667% [110]

SLM AlSi10Mg 0.5 wt.% GNP Improved by 23.95% [111]

1 wt.% GNP Improved by 30.53%

2.5 wt.% GNP Improved by 75.3%

help of mechanisms responsible for the improvement. Here, some more studies on
microhardness/hardness are concise in Table 3.

7.2 Tensile Strength and Compressive Strength

Peidong He et al. [112] have studied the tensile stress–strain behaviour over the
temperature range (25–200 °C) of TiCN/AlSi10Mg composite and AlSi10Mgmanu-
factured by the LPBF techniques, as shown in Fig. 15a. The TiCN/AlSi10Mg

Fig. 15 a Tensile tests
curves of the LPBF
TiCN/AlSi10Mg composite
and AlSi10Mg alloy at
different temperature ranges
(RT to 200 °C) adapted from
Peidong [112]
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composite (333 ± 2 MPa) having the lower UTS at room temperature as compare
to AlSi10Mg (356 ± 10 MPa) because of stress concentration in particles due to
which the interfacial linkage between the matrix material and reinforced particles
starts breaking from the weak grain boundaries, and hence premature failure occurs.
However, the composite has shown a higher yield strength throughout the tempera-
ture range, including room temperature and high UTS at elevated temperatures. The
micro-sized TiCN particles present at grain boundaries have formed the bridging
between the grains. Moreover, they also create heterogeneous nucleation sites during
solidification hence grains refinement occurs. They collectively help in strength-
ening the grain boundaries and improving the tensile yield strength throughout the
temperature range. While, at elevated temperature, the tensile strength is reduced,
but the elongation to failure improved significantly, which means higher ductility but
lower tensile strength. At higher temperatures, the multi-slip systems are activated
because of the mobility of atoms; hence the resistance to movement of dislocations
is reduced. The elongation difference at elevated temperature may be because of the
transition in the microstructure of LPBF AlSi10Mg having coarse-grained structure
to bimodal structure of LPBF TiCN/AlSi10Mg. Moreover, the ductility of the LPBF
TiCN/AlSi10Mg composite is less as compare to LPBF AlSi10Mg this is attributed
to micro-sized TiCN particles at grain boundaries and bimodal grain structure [113].
They have created a hindrance to the movement of dislocations, hence improving
tensile strength as clearly depicted in Fig. 15a.

This study shows that the LPBF TiCN/AlSi10Mg composite can be a promising
candidate for high-temperature applications as compare to LPBFAlSi10Mg because
it retains its ultimate strength and yield strength even at elevated temperature. In
contrast, the Al matrix composites fabricated through casting have lower strength
than LPBFbecause refined grains can be easily achieved in LPBFwhilewe get coarse
grains by casting [114]. Moreover, this TiCN ceramic particles reinforced composite
(TiCN/AlSi10Mg) can be a better choice than heat-treated Al alloys because they are
precipitation hardened. However, these thermally stable TiCN particles reinforced
in the AlSi10Mg matrix further promote grain refinement during the LPBF process,
directly supporting attaining the higher tensile strength. In addition, TiCN (Compare
to SiC) has a significantly less tendency to react with the elements present in the
AlSi10Mg matrix and create any brittle phase itself in the composite. Hence it’s a
potential reinforcement element for the AMMCs [115].

Wang et al. [116] studied the mechanical behavior of SLM processed
Al0.9CoCrFeNi high-entropy alloy particles reinforcedAlSi10Mgmatrix composite.
Three different samples of HEA/Al-10Si-Mg were manufactured using the same
parameters of SLM apart from power input, i.e., 190, 220, and 250W, and the speci-
mens are named SLM C1, SLM C2, and SLM C3, respectively. The microstructures
are shown in Fig. 16b–d along with SLM- Al-10Si-Mg (Fig. 16a). Figure 16e depicts
that the maximum compressive strength and yield strength achieved by the SLM C1
specimen are 901 ± 13 MPa and 515 ± 7 MPa, respectively. The strength decreases
considerably by enhancing the power input of the laser. The SLM C1 specimen of
the present work reveals higher strength than other AMCs, as compiled in Fig. 16f.
The weld pool temperature increases as the power input of laser increase from 190
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Fig. 16 SEM images of a SLM processed Al-10Si-Mg, with high magnification insert b SLM
C1 (insert: EDX mapping through BCC phase), c SLM C2, d SLM C3 (insert: SEM image and
corresponding EDS mapping of σ phase) e curve of compressive true stress-true strain for all
specimens, f other AMCs compressive properties comparison with SLMHEA/Al-10Si-Mg adapted
from Wang [116]

to 250 W as a consequence of high energy density, and hence more reaction starts
occurring among the particles of HEA and the Al-10Si-Mg matrix, which accelerate
the formation of Fe–Cr σ phases (brittle), the σ phases with EDSmapping is revealed
in Fig. 16d [117, 118]. The σ phases hinder the formation of columnar grains of α-
Al phase by serving the newly created nuclei site for crystal growth. Moreover, the
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compressive strength of SLMHEA/Al-10Si-Mg composites (SLMC2 and SLMC3)
reduced at higher power inputs is because of the increment in size and amount of σ

phases. The SLM C1 has the residual hard HEA phases and the α-Al phase, which
has a higher dislocation density. Therefore, it attainsmaximumcompressive strength,
the strength of the Al10SiMg matrix also improved because of grains of similar size
[119].

Liu et al. [120] study results revealed that the SLM manufactured TiC-
TiH2/AA2024 aluminium composite shows remarkable mechanical properties. The
tensile test results are presented in Fig. 17a. The tensile properties of both the as-
built AA2024 (240 ± 10 MPa) specimen and TiC-TiH2/AA2024(390 ± 15 MPa)
sample are much higher as compare to as-cast AA2024 aluminium alloy (185 MPa)
[121]. Moreover the elongation percentage of as-built AA2024 specimen and TiC-
TiH2/AA2024 composite specimens are 0.3 ± 0.2%, and 12.0 ± 0.5%, respectively.
This enhancement in mechanical properties is by virtue of grain refinement and
pinning effect on the grain boundaries promoted by the TiC nanoparticles. In addi-
tion to this, the dislocation movement is hindered by a higher volume fraction of fine
equiaxed grains at grain boundaries. The tensile strength and elongation percentage of
SLM processed TiC-TiH2/AA2024 composite specimen when heat treatment (T6)
achieve 490 ± 20 MPa, and 16.0 ± 1%, respectively, which is very near to the
traditionally forged AA2024-T6 alloys [121].

Remarkably, the serrated stress–strain curve of the TiC–TiH2/AA2024 composite
specimen in Fig. 17a shows the Portevin–Le chatelier (PLC) effect. That is because
of the interaction between mobile dislocations, Al3Ti/TiC particles, and diffusing
solute atoms during the tensile testing [122, 123]. Furthermore, the yield plateau
also appears in SLM processed TiC–TiH2/AA2024 composite, making it different
from the wrought aluminium alloys. This appearing of yield plateau may happen
because of inoculation with TiC-TiH2 nanoparticles. However, similar changes in
the tensile test curve were also stated in other aluminium alloys fabricated with SLM
and having refined equiaxed grains [122, 123]. To completely understanding this
mechanism, more studies are required in this field.

Tensile fracture surface micrographs are shown in Fig. 17b–e. The AA2024
sample fracture morphology revealed columnar arms, and the grain boundaries
consist of a brittle fracture zone (Fig. 17b). In the case of TiC–TiH2/AA2024 sample
fracture surface, the absence of columnar fracture feature is noticed, and the dimples
with fine and uniform morphology along with particles that have precipitated at the
bottom of dimples were noticed, which is an indication of ductile fracturemechanism
(Fig. 17c). The heat-treated (T6) AA2024 sample majorly showing brittle fracture
mode. However, it also consists of some shallow dimples region mainly because of
coarse columnar grains and some cracks existence between those columnar grains
(Fig. 17d).While in the case of the T6 heat-treated TiC–TiH2/AA2024 specimen, the
ductile fracture features are still present. The properties are further improved because
of the homogenous and uniform distribution of TiC nanoparticles and the reduction
in pores (Fig. 17e). So far, additive manufacturing methods, fabrication of MMCs
and their different classifications, and how the mechanical properties are improved
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Fig. 17 a Tensile test curves of AA2024 and TiC–TiH2/AA2024 specimens fabricated by SLM.
Factographs of SLM processed b, d AA2024 specimen and c, e TiC–TiH2/AA2024 specimen. b,
c As-built, d, e after T6 heat treatment adapted from Liu [120]

being discussed, but the applications they concern about in different industrial sectors
are discussed in the next section.
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8 Applications of Additively Manufactured Lightweight
MMCs

In contrast to conventional alloys and metals, additively manufactured lightweight
MMCs are highly appreciated in applications where weight and complex design
are the most important consideration. Therefore aerospace, automotive healthcare,
and electronics and electrical sectors are some of the common sectors as mentioned
below.

(i) Automotive sector: Nowadays, AM gets the attention of the automobile sector
because of its ability to manufacture complex geometry components from small to
medium size like fuel injectors, carburettors, valves, and turbochargerwheel. AMhas
proven that it can reduce the weight of complex components without compromising
the strength, reducing operating expenses and a lower rate of fuel consumption.
Complex parts of automobiles are generally manufactured by expensive casting and
followed by machining process, due to which the cost of parts increases. Hence
the AM is less expansive as compared to the casting process. [124]. An additively
manufactured racing care upright as shown in Fig. 18a.

(ii) Electrical and electronics sector: Recently, a satellite communication
antenna system was fabricated using Aluminium by additive manufacturing in a
single integrated piece [129]. But the fabrication or joining of Aluminium conduc-
tors is not easy by Additive manufacturing or conventional techniques because of
the low absorptivity of laser and oxidation during processing. The LPBF AlSi10Mg
alloy is the only Al alloy that is most investigated based on mechanical properties

Fig. 18 a Additively manufactured, a race car upright was made adapted from Petrovic [125] b 3D
Printed RF Electronics component [126]. c Amodel of Vulcain 2 nozzle fabricated by DED having
more than 50 kg weight [115, 127] d Knee cap replacement components manufactured using 3D
printing [20], and e A jewellery fabricated by AM [128]
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and process parameters- microstructural correlation. However, It is found that the as-
cast Al alloy having much lower resistivity as compare to LPBF AlSi10Mg, so more
exploration is required to lower down the resistivity and make it a suitable material
and process for electrical applications [130]. An example of an antenna component
is shown in Fig. 18b. Interestingly, a study has confirmed the reduction in electrical
resistivity of an additively manufactured AlSi10Mg alloy by coating it through Ag–
Cu. Moreover, the Ag–Cu coating reduced the surface discontinuities like porosity,
micropores. It improved the surface roughness and a noticeable improvement in the
corrosion resistance of the additively manufactured AlSi10Mg alloy [131].

(iii) Aerospace sector: Lightweight composites are the most demanding material
in the aerospace industry because of lightweight, but the challenges of achieving
mechanical properties with the complex design requirement are not possible with
conventional technologies. At present, AM is the technology that can accept all
these challenges with material and cost optimization. Some most frequently used
AM techniques in aerospace industries are SLM, EBM [132], SLS [133], FDM, and
DED [1]. AM is themost exploring field for the fast repairing and fabrication of small
volume complex aerospace parts like aircraft wings, injectors, nozzle, diffusor vanes
to support space exploration [134]. “GKNAerospace has reduced the production time
and cost by approximately 30% and 40% respectively by manufacturing the 2.5 m
diameter nozzle (see Fig. 18c) by additive manufacturing (DED) for ‘VULCAN 2.1’
engine manufactured by ‘AIRBUS SAFRANLAUNCHERs’ which also reduced the
around 100–1000 small components” [135]. Ding et al. have studied a thin-walled
component of variable thickness manufactured by an arc welding-based AM process
for an aircraft [136].

.
(iv)Healthcare sector: Biomedical is themajor sector inwhich theAMis themost

demanding fabrication process. It is one of the industries where the most customized
and complex components are to be required. AM can quickly fabricate any compli-
cated customized component for specific personal requirements. Nowadays, it is
possible to fabricate the bones, jawbones, knee caps, windpipes, cell cultures,
vascular networks, and hip joints by AM techniques. SLS, FDM, SLM, and Inkjet
3DP are some techniques for medical applications [137]. The materials commonly
used for biomedical applications are composites, metals, ceramics, semi-crystalline,
and amorphous thermoplastics. The examples of knee cap replacement is shown in
Fig. 18d. Earlier, the surgeons have manipulated the standard casted implants them-
selves to make them suitable for a patient, but sometimes that is very difficult for the
body to accept that implant. Therefore today, the AM gains tremendous importance
in this field because of its accuracy, time-saving, and cost-effectiveness [138].

(v) Architectural and jewellery industry: The architectural and jewellery parts
are highly complex in shapes that require lots ofmanual effort and skills that are time-
consuming, costly, and sometimes even the design is so complex that it’s impossible to
manufacture manually [62, 128]. Therefore this sector also started taking advantage
of AM. An example of additively manufactured jewellery is shown in Fig. 18e.

The additively manufacturedMMCs can be promising candidates in almost all the
major sectors because they have better properties than conventionally manufactured
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MMCs. Complex geometry can be easily fabricated, and the cost is also lesser.
However, they have some limitations, and those limitations are pointed in the next
section along with the conclusion of this chapter and the future potentials.

9 Limitations

Some contest regarding the fabrication of MMCs by AM process has been
summarized as follows [7, 139–143].

1. During the additive manufacturing process, some unwanted reactions may
occur between the elements present in the system, which may depreciate
the composite’s material characteristics, mechanical properties, and corrosive
behaviour.

2. High energy input and turbulence in the melt pool may promote the uneven
dissolution of elements during the AM processing.

3. Thermal stresses and residual stresses may generate cracks at the interaction
of reinforcement and matrix or in the layers deposited by AM because of high
solidification rate, thermal gradient between the layers, and the reinforcement
and matrix material having a different coefficient of thermal expansion.

4. The high energy density input and over-heating to the system during the AM
process may cause the reduction in alloying element content due to which
specific material properties may be altered or lost.

5. The microstructure of a single layer may change by experiencing the thermal
history of subsequent layers deposition.

6. Generally, in AM ex-situ reinforced MMCs, the micro- segregation may occur
during the processing. The reinforced elements segregate inside the melt pool,
due to which the AM components may not accomplish the preferred properties.

7. The improper selection of process parameters may cause the balling effect. The
balling effect may influence the mechanical properties, surface roughness and
densification level of the AM components.

8. The most challenging task in AM is the process parameters optimization for
each specific material, their alloys, and composites.

10 Conclusion

From this study following conclusions have been derived.

• By increasing the percentage of ZrB2 reinforcement, the higher hardness is
achieved because of uniform distribution, excellent bonding, and the robust
interface between the reinforced (ZrB2) particles and aluminium alloy matrix.

• The high microhardness of 218.5 HV0.1 has been obtained in the additively
manufactured (SLM) aluminiummatrix composite reinforced by the SiCparticles.
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• The SLM processed CNTs/Al composite has shown an improved microhardness
of 154.12 HV0.2 because of grain refinement and high densification.

• The yield strength of LPBF processed aluminium matrix composites
(TiCN/AlSi10Mg) improved by breaking themicro-scale reinforced particles into
submicrometer and nanometer sizes.

• The SLM processed high-entropy alloy particles reinforced aluminium matrix
composites have achieved a high compressive strength of 901 ± 13 MPa.

• The integration of TiC–TiH2 nanoparticles into SLM processed AA2024
improved both tensile strength (390 ± 15 MPa) and ductility (12.0 ± 0.5%)
simultaneously.

11 Future Scope

In the future, firstly, more comprehensive research on materials is required because
the only very selected category of materials are available for laser-based additive
manufacturing. In addition to the material, which is very demanding and challenging
to process, new approaches have to be developed for processing functionally graded
materials, HEAs, and bulk metallic glasses. The quality of the powder should be
assured before fabrication, so some mechanism has to be developed which interacts
with both research institutions and industries—secondly, lack of data for each cate-
gory ofmaterials. There should be a standard system fromwhere industries can easily
access the process parameters for a specific material and the component properties
required like surface roughness, mechanical properties, etc. The post-processing data
should also be collected at the same platform so that industries and laboratories can
easily get the initial database and can lead to a further step in the research field of
additive manufacturing of lightweight components. Finally, a multiscale simulation
is required, which running iteratively and help in optimizing the prefect strategy
process parameters according to orientation, strength, dimensional accuracy, and
surface roughness.
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