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Preface 

Today, metallic biomaterials fabricating industries are facing intricacy in manufac-
turing bio-implants that have long-term applications in the patient body. Manu-
facturing processes play a significant role in fabricating and developing different 
biomedical devices. Additive manufacturing (AM) or 3D printing is one of the key 
techniques of novel medical devices, which can process complicated or customized 
structures to match the properties of human tissues. AM allows for the fabrication of 
devices with optimal architectures, complicated morphologies, surface integrity, and 
regulated porosity and chemical composition. Various AM methods can now consis-
tently fabricate dense products for a variety of materials, comprising steels, tita-
nium alloys, Co-Cr alloys, metal-based composites, and nanocomposites. This book 
elucidated the chronology of various techniques that are categorized under additive 
manufacturing. Moreover, the futuristic techniques or advancements in this area are 
also described. The available literature focused on the microstructure and various 
properties of 3D-printed alloys. However, the research on the wear characteristics, 
corrosion resistance, and biocompatibility of 3D printed technology for biomedical 
applications is limited. This book comprises the helicopter view of different surface 
analysis trends of additive manufactured alloys. 

Chapter 1 focused on the state of the art of AM processes in both aeronau-
tical and biomedical applications. The link between process parameters and both 
the macroscopic and microscopic properties of printed parts was studied, with 
suggestions on how this may be improved to allow for the manufacture of high-
resolution, high-fidelity, and defect-free parts. Particular attention was paid to the 
integrity of printed parts when subjected to common loading, such as tensile, bending, 
and microhardness testing. This chapter also examined the potential of AM tech-
niques for repairing damaged parts, which is a growing concern in industries where 
repair is more economical than integral part replacement. Chapter 2 provided the 
concepts of combining nanotechnology with additive manufacturing for generating 
novel methodologies in materials manufacturing by improving mechanical, elec-
trical, biological, and bulk properties. It also incorporated carbon nanotubes (CNTs) 
in various AM techniques, a possible futuristic material in biomedical domain that 
is known for its versatile characteristics of high biocompatibility and bio-mimetic
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vi Preface

properties in host structures. Chapter 3 studied the formation of the bioactive HA 
powder and further deposited the layer of HA powder on AISI 304L stainless steel 
substrate using thermal spray high-velocity oxy-fuel (HVOF) additive manufacturing 
process. 

Chapter 4 explicated information about the surface modification technique to 
enhance the mechanical engineering as well as biomedical engineering applica-
tions of titanium and its alloys. Chapter 5 discussed the applications of 3D-printing 
in various sectors such as medical, epidemic disease accessories, dental implants, 
agriculture, and aerospace. Chapter 6 focused on the instrumentation and moni-
toring of additive manufacturing (AM) processes for biomedical applications. The 
defects generated during AM processes and their links with process parameters were 
studied, with suggestions to minimize or eliminate these defects. Chapter 7 provided a 
concise overview of the tribological performance of additive-manufactured biomed-
ical implants. The impact of different additively manufactured techniques on the 
tribological characteristics of various biomaterials was elucidated. 

Chapter 8 discussed the role and future scope of the overall equipment effec-
tiveness (OEE) technique to enhance the functionality of additive manufacturing 
processes in bio-medical industries. Chapter 9 provided a detailed, critical, and 
analytical review of previous studies and research in the field of metals and alloys used 
as implant materials and investigated the corrosion aspects of additively manufac-
tured metallic biomaterials. Chapter 10 elaborated on the aspect of design, material, 
and fabrication processes to manufacture customized Functionally Graded Material 
(FGM)-based implants. Chapter 11 developed and evaluated a novel design for a hip 
implant that offers ease of installation and replacement, with the potential to mini-
mize interfacial micro-motion, alleviate stress shielding, and enhance the dynamic 
stability of total hip replacements (THR). 

This book is a valuable resource for additive manufacturing (AM) and biomaterials 
researchers, engineers, and clinicians, guiding them toward developing optimized 
implants with superior biological, mechanical, electrochemical, and tribological 
characteristics. 

Amritsar, Punjab, India 
Amritsar, Punjab, India 
Toulouse, France 

Amit Mahajan 
Sandeep Devgan 

Redouane Zitoune
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Chapter 1 
Challenges in Additive Manufacturing: 
Influence of Process Parameters 
on Induced Physical Properties 
of Printed Parts 

N. Dhoonooah, K. Moussaoui, F. Monies, W. Rubio, and R. Zitoune 

1 Introduction 

Additive manufacturing (AM) refers to the technologies used for manufacturing 3D 
objects through the layered addition of build material. It is contrasted with subtractive 
manufacturing, in which objects are formed by removing material from an initial 
block to produce the final shape. The AM technique of 3D printing was first used to 
develop prototypes in the 1980s, but these trialled objects were usually not functional. 
At the time, the process was referred to as rapid prototyping since it allowed for 
reduced-scale models of the final product to be obtained quickly, without the typical 
set-up process and costs incurred in creating life-size prototypes. As the process 
improved over the next two decades, it grew to encompass rapid tooling, used for 
creating moulds for building final products, and by the early 2000s, to create the fully 
functional final form of the products themselves [1]. 

AM is advantageous in that it allows the production of complex geometries and 
internal features which would be difficult to manufacture conventionally. Contrarily 
to subtractive manufacturing, it also allows human operators and physical tools to 
reach the interior of a part and other areas that are hard to access, for adding or 
modifying features in specific locations. AM is already employed extensively for 
shaping high-performance metals and alloys commonly used in the aerospace and 
medical industries, and increasingly so for producing near-net shapes in applications 
where complexity and customisation are key. According to the American Profes-
sional Association Report, global revenue from AM for dental applications is indeed 
forecasted to rise by $9.7 billion (a 35% annual increase) by 2027. In the medical
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2 N. Dhoonooah et al.

industry, the use of 3D printing rises daily, where approximately 11% of the total 
revenue is accounted for by AM components used in medical devices or implants. 
This rise is being driven mainly by patients’ requirements for customised medical 
parts [2]. 

In this article, we will first explore what makes biocompatible metals and alloys 
so popular in the industry, and especially how additive manufacturing is beneficial in 
producing customised bioimplants. We will touch briefly on the application of AM for 
repairing implants that may have sustained damage during handling and transporta-
tion, prior to insertion into the human body, before focussing elaborately on the chal-
lenges of selecting optimal process parameters and operating conditions to achieve 
high-quality and high-performance printed parts. Further, we will study parametric 
influence on the external morphology of deposited beads, on the formed microstruc-
ture, and on macrostructure and potential defects. Finally, we will summarise the 
content and outline possible avenues for further research. 

2 Uses of AM in the Biomedical Sector 

Biocompatible metals and alloys are being increasingly chosen as the build mate-
rial for porous orthopaedic implants because of medical practitioners’ attention to 
their higher intrinsic mechanical strength and corrosion resistance. These properties 
make them suitable for patient-specific implants that speed up recovery even while 
reducing the need for physical amputation [3]. Porous biomaterials have three distinct 
advantages over conventional ones: 

(i) They have a range of controllability, which increases their usefulness from a 
design perspective. Their mechanical properties are highly influenced by the 
microstructure of the printed material, so that a designer could easily tailor the 
mechanical properties of these biomaterials to the desired level of performance 
by simply altering the orientation of the microstructure. 

(ii) Different microstructures may be formed within the same texture of porous 
material, or through combining solid materials with porous materials, giving 
rise to the possibility of manufacturing parts with mixed material compositions. 
As each individual microstructure lends different mechanical properties to the 
overall part, particular regions in the implant may be primed for reducing stress 
shielding [4]. 

(iii) They allow the manufacturing of patient-specific implants based on specific 
physical and biological requirements. 

Ideally, biomaterials should be biocompatible, easy to print, non-toxic in biolog-
ical environments, and able to morphologically mimic living tissue. The choice of 
build material for AM bioimplants depends primarily on the physical utility and 
properties desired in the printed surgical tools, prosthetic limbs, tissue scaffolds, 
etc. Polymers are the most widely used material in the medical sector, with a usage
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rate as high as 86%. For applications which prioritise strength, durability and flex-
ibility, thermoplastics like acrylonitrile butadiene styrene (ABS) and nylon [5] are  
commonly used. Metals and alloys are primarily used for fabricating high-strength 
parts such as orthopaedic implants, plates and screws. Ceramics are suitable for 
bio-active orthopaedic implants, while composites are used in porous orthopaedic 
implants to which their mechanical properties are better suited. 

For printing polymers, commonly used AM techniques include Fused Deposi-
tion Modelling (FDM), three-dimensional printing (3DP), stereolithography (STL 
or SLA) and Selective Laser Sintering (SLS). In FDM, the cross-sectional geometry 
of the desired part is laid out layer by layer, by extruding the building material in 
filament form through a temperature-controlled nozzle. Commonly used build mate-
rials include ABS, polycarbonate, biodegradable PLA or PLGA, as well as low-
melting-point metals and alloys of tin, lead and bismuth. In 3DP, the powder-based 
feedstock is thinly laid out layer by layer, and an inkjet printing head binds the loose 
powder particles together using liquid adhesive [6]. Build materials include poly-
mers, ceramics, sand and metal powders such as stainless steel. Stereolithography 
uses an ultraviolet (UV) laser focussed on a vat of liquid photosensitive polymer to 
cure the material, with one cross section being traced at a time, and is generally used 
for bioprinting scaffolds for cell culture and developing both soft and hard tissues 
and organs. Finally, SLS combines the selective laser technique of SLA and the 
layering of powder material layering from 3DP, and is generally used for manufac-
turing metallic implants, dental, cranial, and orthopaedic parts, and temporary and 
degradable rigid implants. 

For metallic materials, common techniques are Selective Laser Sintering (SLS), 
Selective Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Electron 
Beam Melting (EBM) and Laser Metal Deposition (LMD). EBM has, for instance, 
been used to manufacture implants for skeletal and long bone repair, as well as 
prosthetic rehabilitation and vertebral replacement [7]. AM metallic components 
usually have more adaptable mechanical strength; can be more geometrically versa-
tile; produced faster than conventionally manufactured ones, due to minimum human 
effort in the manufacturing process and a reduced design cycle time. SLS, SLM, 
DMLS and EBM all fall under the Powder Bed Fusion (PBF) umbrella, illustrated in 
Fig. 1(left), but differ from one another according to the heat source used and type 
of material joined.

Selective laser sintering uses a high-power laser, such as a carbon dioxide laser, 
to fuse small, powdered particles of plastic such as nylon and polyetherketoneketone 
(PEKK), metal, ceramic or glass into a mass with a desired 3D shape. The laser 
selectively fuses, or sinters, powdered material by scanning cross sections generated 
from a 3D CAD file onto the surface of a powder bed. After each scan is complete, 
the powder bed is then lowered through a one-layer thickness and a new layer of 
material applied on top. The process is repeated until the part is fully formed. Since 
the density of the final part relies on peak laser power rather than pulse duration, 
the SLS machine typically uses a pulsed laser. The filler material is preheated in the 
powder bed itself somewhat below its melting point, making it easier for the laser 
to bridge a smaller temperature gap to the actual meting point. However, selective
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Fig. 1 A schematic set-up of the L-PBF additive manufacturing technique (left) and the different 
areas of the human body in which metallic bioimplants are commonly used (right) [8]

laser melting is comparable to SLS since it also uses a laser as the heat source, 
but the filler powder is fully melted rather than sintered. It is commonly used for 
metallic powders of aluminium alloys, titanium and its alloys, and stainless steel. 
SLM produces physical metal parts from an initial 3D CAD model. The 3D data is 
initially sent to the AM machine in an STL file, and this then gets converted to a 
3D physical object as a laser heat source collectively scans and fuses metal powder 
onto a substrate, producing a layered part. Objects manufactured using SLM demon-
strate good dimensional accuracy and formed microstructure, as well as excellent 
mechanical properties [9]. The technique also allows significant reductions in invest-
ment cost and lead time in the production of hard metal dies. However, studies on 
SLM have shown that it produces metallic parts with high porosity, in turn lowering 
the density and mechanical performance of the printed objects. SLM thus remains 
limited in the context of industrial applications [9]. 

Precise, high-resolution parts with complex geometries that may not be easily 
manufactured conventionally can be additively manufactured using Direct Metal 
Laser Sintering. It is similar in operation to SLM and employs full material melting 
despite the term’sintering’ being used. In this process, a printed part is formed layer 
by layer using a laser which aims at specific points in space in a powder bed, guided 
by a digital CAD file. Once a layer has been printed, the machine automatically 
spreads more powder over the formed part and repeats the process. Parts printed using
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DMLS are generally accurate and have high-quality surface finishes along with near-
wrought mechanical properties. The technique is ideal for low-volume parts that are 
otherwise difficult or impossible to manufacture conventionally because of hollow 
spaces, undercuts, challenging angles, and other complex features. 

As a process, electron beam melting is comparable to SLM, but the laser heat 
source is replaced by an electron gun. Since an electron beam is employed, the build 
chamber includes a vacuum instead of an inert atmosphere, though a small amount 
of inert gas, usually helium, is retained to allow better process control. The part to 
be manufactured may be modelled using CAD software, obtained by 3D scanning 
or downloaded as a model. The 3D model is then “sliced” digitally according to the 
desired successive physical layers of deposited material, and this information sent 
directly to the 3D printer, where manufacturing starts. The powdered metal filler is 
loaded into the tank of the machine and deposited in thin layers that are preheated 
before being fused by the electron beam. These steps are repeated until the part is 
fully printed. 

Laser metal deposition is a directed energy deposition process. The heat source 
used is a laser beam which melts the metal substrate surface even as filler material is 
deposited into the melt pool formed, and fuses with the substrate. When incident on 
the substrate, the laser heat source melts a thin layer of base material in a controlled 
manner, and this ensures a sound metallurgical bond between the substrate and filler 
material, which can be powdered or in wire form. LMD is typically used to produce 
and repair high-value parts and components, extending the durability of claddings 
and coatings, and the operational life cycle of parts in general. It is also beneficial in 
that highly complex parts can be repaired with automated methods, and the low heat 
input from the laser beam keeps the heat-affected zone (HAZ) relatively small and 
the strength of the base material relatively unchanged from its initial value. Also, 
LMD is widely used for various applications in the offshore, oil and gas, aerospace, 
power generation, automotive and utilities industries. 

3 Addressing Manufacturing Defects Using AM 

Metallic bioimplants are usually high value and made from expensive elemental 
metals and alloys. They are required to have both a high-quality finish and mechanical 
performance to be viable for use inside the human body. Manufacturing such implants 
additively thus requires a detailed and comprehensive method, particularly to reduce 
the additional costs incurred in rectifying manufacturing errors in the part. These 
errors and other defects developed during manufacturing are however not inevitable, 
and AM implants can sustain further damages during handling and transportation 
from the factory. While aeronautical metallic components having sustained damage 
from prolonged operation may be repaired using AM during their life cycle, this does 
not apply to bioimplants after they have been inserted into a human body. In the case 
of bioimplants, techniques such as directed energy deposition (DED) can instead
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be used for adding functions and features to existing printed components; modi-
fying bioimplants to make them functionally graded, and repairing minor damages 
in implants sustained during handling and transportation as mentioned above, prior 
to them being inserted into the body. Functional gradient materials (FGMs) are 
able to carry out multiple functions, efficiently mimic the hierarchical and gradient 
structure of naturally occurring systems such as human bone tissue, and showcase 
desired mechanical and biological response by producing various gradations [10]. 
In repair, DED acts as a hybrid secondary AM technique since it does not build the 
initial component itself. An integral repair procedure is generally conducted through 
five stages, from identifying and classifying damage in a component to obtaining 
the fully restored component, through surface preparation, material deposition and 
post-processing of the repaired substrate. 

Surface preparation refers to the various processes which can be used to treat the 
surface of a material prior to carrying out any surface-related application, such as 
applying a coating, using adhesives, and performing a repair, among others. They can 
be conducted either chemically or mechanically. In AM, adequately preparing the 
substrate surface is crucial to ensuring a good degree of fusion between the substrate 
and the deposited metallic powder and reducing the occurrence of both porosity-
related defects and residual stresses. Machining is particularly useful for preparing 
metallic substrates prior to repair since the metal may be cut to a desired final shape 
and size using controlled material removal. Machining alloys like Ti6Al4V and 
Inconel 718 can however prove challenging, due to the need for high-performance 
cutting which increases mechanical stability, process reliability and tool life. For the 
DED technique, existing literature has shown that V-shaped grooves machined down 
to the defect(s) in a damaged part significantly improve its mechanical performance 
post repair. 

Upon completion of a repair procedure, post-repair treatments may be applied to 
the sample to improve its rendering, both in terms of visual appearance and thermo-
mechanical properties. These treatments can be either mechanical and heat based in 
nature, the former including machining, polishing and shot peening, and the latter 
solution annealing and precipitation/age hardening, among others. Finally, physical 
validation is crucial to ensuring that a repaired part is fit for purpose. High-quality 
microstructure and lack of defects in a printed part lead to higher confidence in 
the performance and integrity of the part, as well as adequate lifetime, so that it 
will not have to be repaired again or replaced due to failure in the near future. 
Common quality control and validation techniques for metallic components include 
microstructural characterisation, Vickers microhardness measurement, tensile testing 
and non-destructive testing (NDT) methods.
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4 Influence of Process Parameters on the External 
Morphology of Deposited Beads 

The quality of an AM part is characterised by several quantifiable physical metrics 
at various scales. These include the physical conditions (melt-pool modes and aspect 
ratios), defects (relative density, porosity and distortion tolerance), mechanical prop-
erties (surface roughness, and tensile and fatigue properties), microstructural proper-
ties (grain phases, size, aspect ratio, boundary angle and misorientation) and manu-
facturing performance (time, energy, cost and efficiency). Achieving homogeneity 
and good surface quality in a finished part depends not only on the as-received proper-
ties of the powdered feedstock, manufacturing process and AM equipment used, but 
more importantly the different process parameters employed. These parameters can 
be controlled to produce the desired results, but they remain limited by the capability 
and customisability of the printing machine. 

In PBF, for instance, AM part quality is mostly influenced by the laser power 
(P), scanning velocity (v), hatch spacing (h) and layer thickness (t)—these four 
parameters are usually characterised by the parametric combination of volumetric 
energy density, VED [11]. Other combinations of process parameters that have been 
considered in existing literature include linear energy density and surface energy 
density [12]. For the Laser Additive Manufacturing-DED (LAM-DED) technique, 
changes in laser power and beam diameter have been observed to significantly influ-
ence laser–matter interactions. A change in laser power notably determines whether 
a melt pool will form in the conduction or keyhole mode at the surface of the 
substrate. Laser–matter interaction is further influenced by the chemical-, thermal-, 
mechanical-, optical- and surface-related properties of the substrate. In both PBF 
and DED, parameters determine the thermal input to the material being printed, 
directly influencing the dimensions of the melt pool, characteristics of the solid-
ification cycle and thermal history of the final product. Thermal history includes 
melt-pool temperature, thermal gradient and cyclical cooling and re-heating rates, 
and in turn influences the final microstructure: the size, morphology and texture of 
the grains, the type, size and spatial distribution of defects, and the occurrence of 
residual stresses. All these define the overall microstructural evolution, mechanical 
response and eventual defects arising in the printed material [13]. 

It has been observed that usually laser power is the parameter which most signifi-
cantly influences metal-based AM, followed by laser scan speed [14, 15]. An increase 
in laser power imparts more energy to the substrate, resulting in the formation of 
larger melt pools [16]. If the increase in thermal energy is too significant, this can 
result in a change from a conductive regime to a keyholing one. This fundamental 
change in melt-pool physics usually results in gas porosity near the bottom of the 
melt pool. Higher laser speed may also lead to unstable melt conditions, resulting 
in a geometrically inconsistent weld-track. Variations in process parameters can be 
interpreted with respect to a linear energy density parameter such as power/speed, 
where a higher ratio indicates more energy being input for melting the feedstock and/ 
or substrate material. However, it needs to be noted that parametric changes may also
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indicate a transition in melt-pool physics away from the conductive mode. Control-
ling beam parameters such as laser defocus [17] and/or beam diameter [18] can also 
be used to reduce overall build time, while tuning shield gas parameters is crucial 
to removing all by-products while preventing disruption of the powder bed [19, 20]. 
Generally, other methods such as ultrasound, the direct introduction of nanoparticles 
for inoculation [21] and the introduction of carbon nanotubes could be used for grain 
refinement and reinforcement [22–24]. 

Currently, no de-facto parameter exists to universally characterise the AM 
process, but those listed are sufficient to describe melt-pool dimensions, porosity 
and microstructure. Lack of fusion results from a too low laser power and too high 
scanning speed, leading to an incomplete print. However, applying an unnecessarily 
high amount of laser power to the feedstock can lead to keyholing in PBF: this is to be 
avoided since the collapse of the keyhole introduces significant porosity in the printed 
part [25–27]. Jadhav et al. [28] observed that keyholing may be favourable only for 
highly conductive metals and alloys such as copper, since they have the capacity to 
conduct heat away at a fast rate prior to the keyhole collapsing, thereby reducing the 
occurrence of pores. Corbin et al. [29] studied the effect of DED process parameters 
such as laser power, scanning speed, working distance, substrate temperature, track 
order and normalised enthalpy, on the external morphology of laser-deposited Inconel 
718 powder onto a substrate of the same material. They showed that scanning speed 
had a significant effect on bead width and height, while laser power only influenced 
bead width. Working distance affected the height and angle of repose of the deposited 
bead, varying the height by up to 270%. The influence of the working distance was 
also driven by the beam spot size and powder distribution, indicating that the values of 
bead height and angle of repose are maximised when the focus of the powder stream 
is coincident with the deposition surface [29]. The relationship between track height 
and working distance was also seen to be a critical factor in ensuring the stability 
of the deposition process. Further, as shown in Fig. 2, preheating the substrate prior 
to deposition significantly increased both the bead width and height. The increase 
in substrate temperature is indicated by the increasing values of laser power, and 
the changes in bead morphology can be justified through a better adhesion between 
the substrate and deposited material, as well as the formation of larger melt pools 
at the surface of the substrate since less laser energy goes to melting an already hot 
substrate to create the melt pool, as opposed to an initially cool, untreated substrate 
surface [30]. In this view, Sreekanth et al. [30] preconised against using too low 
powder feed rates as higher laser energy is then available for melting the substrate 
instead of the feedstock, yielding higher levels of dilution and eventually leading to 
keyholing.

In their study on the deposition of single tracks of Inconel 718 powder on wrought 
substrate of the same material, Sreekanth et al. identified the same direct link between 
increased scanning speed and bead width and height, as summarised in Fig. 3. 
They further showed that the occurrence of porosity-related defects decreased with 
increased laser power and that the bead width increased with increased laser power: 
the latter is justified by the formation of larger melt pools at the surface of the increas-
ingly hot substrate. For porosity due to carrier gases trapped within deposited beads,
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Fig. 2 Differences in width and height between room temperature and preheated deposits when 
varying laser power [29]

the higher laser energy likely increases the solubility of these gases and reduces 
the size of spherical defects hence formed. As shown by Kobryn et al. [31] and 
Vilaro et al. [32], porosity-related defects due to a lack of fusion originate from 
inadequate levels of dilution of the melt pool into the substrate or into neighbouring 
beads, resulting in sharp voids that are detrimental to the mechanical performance 
of the deposited sample. By observing the visual appearance of the deposited bead, 
Sreekanth et al. also highlighted their distinct appearance compared to that of the 
wrought substrate. This has been found common to several studies about powder 
deposition, where the final deposited sample is made to undergo thermal and other 
post-processing treatments to improve its aesthetic and performance aspects to match 
those of the original wrought substrate.

Another parameter influencing the mechanical properties, anisotropy, formed 
microstructure, degree of porosity and distribution of residual stresses of a fabri-
cated part is the deposition strategy [33]. To evaluate the influence of pathways and 
overlaps on final geometry, density and microstructure for DED-manufactured parts, 
Ribeiro et al. [34] deposited commercial AISI 316L stainless steel in the shape of 
cubes of edge 16 mm on Ø25mm stock, with a laser spot of 0.8 mm. Based on para-
metric data from previous tests, the scanning speed was set at 2000 mm/min, with a 
powder feed rate of 5 g/min and laser power of 600W, all factors remaining constant 
throughout the deposition process. Under these conditions, the first deposited layer 
measured 0.8 mm in width and 0.3 mm in height [34]. A constant Z-increment of 
0.3 mm was hence applied. A total of four different deposition strategies were consid-
ered, as shown in Fig. 4. The trajectory of the laser was made to rotate through 67° 
for the zigzag path, and through 90° for the chessboard, while no rotation was carried 
out for the contour [34].

It was seen that for the various strategies, the slowdown points of the kinematically 
operated laser coincide with the extremities of the layers repeatedly, so that these 
receive more heat and are kept at higher temperatures for longer durations [34]. 
This repetitive heating process causes the extremities to melt more than once and
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Fig. 3 Influence of scanning speeds of 900 mm/min and 1100 mm/min on a height, b width, 
c depth, d % dilution of deposits at laser stand-off distances of 9.5 mm and 13 mm at a constant 
laser power of 1600 W [30]

hence solidify into lower layer thicknesses, forming shorter walls in the positive Z-
direction. Overall, the contour strategy (D) was reported to have the best performance, 
followed by the zigzag (B), chessboard (C) and linear (A) paths. In terms of physical 
properties, the linear, zigzag and chessboard strategies resulted in workpieces with 
a narrow range of microhardness between 218 and 228 HV. The contour strategy 
produced the deposit with the lowest average value of microhardness at 209 HV, 
closest to that of annealed 316L stainless steel [35], and with the most uniform 
thermal distribution. 

Existing literature has also shown that the value of overlap between two adjacent 
beads is highly dependent on the bead width. By using a numerical optimisation 
algorithm, Zhang et al. [36] found the optimal overlap for a bead of height 0.46 mm 
and width 2 mm to be 31% while Chen et al. [37] determined the optimal overlap 
to be 20% for beads with widths between 6 and 12 mm. Instead of a universal value 
being recommended for the overlap, it needs to be optimised through experimental 
trial and error with consideration for the geometric dimensions of the deposited beads 
in any given study.
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Fig. 4 Deposition strategies showing a uni-directional or linear, b bi-directional or zigzag, 
c chessboard and d contour, or spiral, paths [34]

5 Influence of Process Parameters on the Formed 
Microstructure 

In terms of workpiece material, laser power intensity and interaction time, laser– 
matter interactions in AM techniques such as PBF and DED are similar to those 
in laser welding. Lasers exist in several types, and are characterised according to 
their wavelengths, power intensities, beam profiles, gain mediums, interaction times 
and applications in manufacturing processes. According to Majumdar et al. [38], the 
combined parameters of wavelength, repetition rate, interaction time, peak power 
intensity and beam profile determine how the laser interacts with the free electrons 
present in the workpiece. Laser absorption into the metallic workpiece is determined 
by the interaction of the laser beam with the free electrons in the metal, by the 
movement of electrons within the lattice structure and by defects in the workpiece. 
Electron transfer converts the energy of the laser into thermal energy in the work-
piece, resulting in a temperature increase and eventually causing a melting process 
to occur. When photon energies from the laser beam are not sufficiently high for 
ejecting electrons from the workpiece material, dislocations and grain boundaries 
in the workpiece lattice instead cause the excited electrons to scatter, resulting in 
overall heating. Heating due to laser irradiation within the workpiece material is
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dependent on the laser power and thermal diffusivity of the material, where the irra-
diated material can reach temperatures sufficient for melting and vaporisation to 
occur [38]. 

Other than laser power density, additional key parameters influencing the melt-
pool flow and defects in deposited beads include laser scanning speed, and the compo-
sition and flow rate of the inert shielding gas [39]. The scanning speed contributes 
to the interaction time of the laser with the workpiece material, thus influencing 
the overall laser power intensity. Understanding the influence of the laser power 
density and interaction time on the deposition process is thus key to understanding 
the laser–matter interaction when using a laser beam for fusing metallic powder in 
AM. The HAZ in a material deposition process refers to the non-melted area of 
metal that has undergone changes in material properties as a result of being exposed 
to high temperatures in a process of welding, high-heat cutting or deposition. It lies 
between the weld and the base (unaffected) parent metal in welding, and between the 
deposited bead and substrate in processes such as DED. Figure 5 shows the gradient 
in temperature along the HAZ, from the zone of direct impact of the laser onto the 
substrate, to the unaffected base material in which no changes occur to the initial 
microstructure. 

The HAZ can vary in severity and size depending on the properties of the material 
involved in the process, the intensity of the laser beams and the deposition technique 
used. The thermal process occurring in DED generally reaches temperatures up to,

Fig. 5 Diagram showing the different thermally affected zones, along a gradient from the zone of 
maximum temperature to the unaffected base material [40] 
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and often exceeding, the fusion temperature of the deposited material. The repeti-
tive heating and cooling cycles undergone by the substrate as successive layers are 
deposited and thus cause alterations to its initial microstructure. The size of the HAZ 
is influenced by the level of thermal diffusivity and conductivity, density and specific 
heat of the substrate, as well as the amount of thermal energy being imparted to it. 
Materials with a high thermal diffusivity have higher rates of heat transfer, so that 
they cool down more quickly and the width of the HAZ is reduced. For materials 
with a lower coefficient, the heat is however retained, resulting in a wider HAZ. The 
extent of the HAZ is thus seen to be dependent on the amount of heat applied to the 
substrate, the duration of exposure to this heat and the intrinsic material properties of 
the substrate itself. For materials exposed to higher amounts of thermal energies over 
a longer period, the HAZ tends to be larger. Weld-track geometry further influences 
the dimensions of the HAZ as it affects the properties of the heat sink, where a larger 
heat sink generally increases the rate of cooling. 

As mentioned above, heating and cooling cycles set up during material deposi-
tion, as well as the melt pool, have a direct influence on the formed microstructure 
of the printed part. Process parameters are integral to this, since they not only deter-
mine melt-pool dimensions, but also the resulting microstructure. Rapid heating and 
cooling cycles are characteristics of the AM process, with cooling rates as high as 
105–107 K ·s−1 and correspondingly high-temperature gradients of 106−107 K ·m−1 

having been reported for the PBF process [41]. Due to the rapid solidification, 
microstructures formed are usually a mix of equiaxed or epitaxial crystals at the 
periphery and dendritic parallel to the direction of scanning [42]. Laser power 
and scanning velocity have been identified as having a direct influence on grain 
morphology: in 17-PH stainless steel, they directly determine the austenitic grain 
size [43] and, when finely tuned, can result in the production of <011> grains specif-
ically, simultaneously improving the ductility and strength of steel and balancing the 
trade-off that usually occurs between the two parameters [44]. A lamellar microstruc-
ture consisting of <100> and <110> grains may also be obtained through the sole 
control of process parameters [45]. 

The microstructure of printed parts may be further tailored using specific beam 
shapes. Roehling et al. [46], for instance, demonstrated that an elliptical laser beam 
can be used to improve the mechanical properties of printed parts. Since the solidifi-
cation process in AM is highly directional, crystallisation usually occurs in a predom-
inant direction, resulting in the final part exhibiting anisotropic properties [47]. 
Overlap between the melt pools of beads deposited side by side leads to remelting, 
creating new microstructural textures and features that are usually not possible with 
conventional manufacturing [48], such as spiralling microstructures [49], lamellar 
grains in 316L stainless steel [45] and duplex microstructures in Ti6Al4V [50]. The 
microstructure of metal AM parts may be directly varied by adjusting process param-
eters, as indicated by the various patterns in Fig. 6, and the unique microstructures 
achievable with AM make these alloys comparable in strength, or stronger, than their 
conventionally manufactured cast or wrought counterparts [51]. The rapid heating 
and cooling cycles set up in the AM process however generate high residual stresses 
in the printed parts, leading to eventual warpage and cracking, and the prevalence of
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Fig. 6 Microstructures and mechanical properties in AM; (a) Microstructure of a melt pool, 
equiaxed at the periphery and dendritic along the solidification direction; (b) Spiral microstructure 
pattern observed due to 67-degree layer rotation scanning strategy; (c) Lamellar grains comprised 
of alternating <100> and <110> grains in stainless steel 316 L by altering laser power and scanning 
speed; (d) Preferred nucleation of < 110 > grains in stainless steel 316 L [51] 

pores in metallic AM objects degrades their performance under fatigue as compared 
to that of conventionally manufactured ones [52, 53]. 

The resulting microstructure of additively manufactured alloys such as Ti6Al4V 
further depends on the technique used, since each is based on different sets of process 
parameters and handling of the build material. Selective laser sintering (SLS) is used 
mainly for producing highly dense components such as biocompatible polymers 
for use in engineering scaffolds for growing porous tissue [54, 55]. Manufacturing 
biomedical implants with a porous structure which mimics the mechanical properties 
of biological bone is especially relevant to orthopaedic biomedical applications, 
since porosity and stiffness can be tuned in the printed part to obtain the exact 
desired characteristics for simulating human tissue. However, since SLS mainly uses 
polymer powders as the build material, very limited information is available on the 
use of Ti6Al4V powder. Significant differences in temperature between the sintered 
material and surrounding loose powder set up a thermal diffusion gradient, resulting 
in incomplete melting of the powder and it subsequently attaching to the printed struts. 
The loose powder can be melted by the laser beam to attach it to each layer boundary; 
for inclined struts, the loose powder may be fused with the previous sintered layer 
of material [21]. In practice, several particles of metal below the current layer are 
found to be completely or partially melted and attached to the lower layer of material, 
lending it higher surface roughness than the upper surfaces. 

A study by Cheng et al. [56] on Ti6Al4V manufactured using the SLS technique 
showed the improvement in performance of porous implants as compared to solid 
ones. They investigated the capacity of 3D implants with micro- or nano-rough 
surfaces and trabecular-bone-inspired porosity for improving the ingrowth of vertical 
bone, and showed that, by increasing the porosity of the additively manufactured 
Ti6Al4V, the compressive moduli of the builds could be decreased to mimic the 
natural modulus of human bone. Porous implants also demonstrated significantly 
superior pull-out strength values as compared to solid ones. Cheng et al. concluded 
that ingrowth of new bone into the pores of the implant was highly correlated with the 
mechanical strength of the boundary. The pull-out force values demonstrated better
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osseointegration for porous SLS-manufactured Ti6Al4V implants as compared to 
solid ones, and it was seen that both types of implants had nanoscale and microscale 
surfaces, increasing the osteogenic differentiation of osseointegration in vivo and 
mesenchymal stem cells in vitro [57, 58]. The superior mechanical strength and 
bone-to-implant contact observed in porous implants was therefore a direct result of 
the improved surface area due to porosity, instead of variations in surface processing 
only [21]. 

The Direct Metal Laser Sintering (DMLS) technique is currently capable of 
producing nearly fully dense specimens with a density approximating 99.7% [59, 
60]. As reported extensively in existing literature, high-density titanium alloys manu-
factured by DMLS exhibit mechanical properties nearly identical to conventionally 
manufactured alloys [21, 61]. Hyzy et al. [58, 62] also suggested that DMLS is the 
optimal technique for fabricating Ti6Al4V, while Konecna et al. [63] showed that 
the resistance of DMLS-manufactured Ti6Al4V alloys to long fatigue crack growth 
is comparable to that of conventionally manufactured ones. In addition, Ahmed et al. 
[64] observed that process parameters such as laser scanning speed and laser power 
significantly influenced the formed microstructure and mechanical properties of a 
sintered Ti6Al4V specimen. 

Xu et al. [65] studied the effects of post-annealing treatment on the microstruc-
ture and mechanical properties of sintered Ti6Al4V alloys at different temperatures 
of 700 °C, 750 °C, and 799 °C for a total soaking time of 4 h. They observed that 
the annealing temperature influenced the microstructure of the sintered alloy: the 
DMLS specimens had an acicular martensitic microstructure different from that of 
the commercial Grade 5 alloy. The application of hot isostatic pressure (HIP) was 
thus suggested to further improve the properties of the fabricated specimen. Konečná 
et al. [63] investigated the effects of build direction and layered microstructure by 
conducting fatigue testing on sintered Ti6Al4V specimens along three different 
directions. The printed specimens were heat treated using precipitation hardening 
to improve their static strength and reduce any residual stresses. The microstructure 
thus characterised revealed columnar elongated former β grains growing parallel 
to the build direction. Thin needles of α stage in β lattice were also noticed inside 
these grains, as well as an initial metastable α’ martensitic phase, considered to be 
normal in an “as organised” microstructure with no heat treatment but which later 
changed to a combination of α + β phases post heat treatment. The thickness of the 
α needles was found to be approximately 0.5 μm, a figure slightly higher than that 
of the as-built specimen. 

A study by Bača et al. [66] on the microstructure of Ti6Al4V produced through 
successive stress relief cycles showed the presence of micro-shrinkage from lower 
values of laser power and temperature. The initiation of the fatigue crack was however 
seen on the surface inverse to the notch. From several studies conducted on the topic, 
it was estimated that the optimal process parameters for delivering an isotropic fatigue 
life material are a thickness layer of 50 μm, laser power of 400W and heat treatment 
carried out at 720 °C. 

Porous Ti6Al4V implants manufactured by Selective Laser Melting (SLM) were 
found to be suitable for the purpose of growing cells in vitro. Structures such as
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mesh scaffolds, analogue porous bone models and other porous bones have been 
extensively studied [67–71], while some researchers have even attempted attaching 
carrier agents to the metallic powders to produce honeycomb-like pores with specific 
pore sequences [72]. Generally, manufacturing metallic implants is not a straight-
forward task since it involves developing complex porous metal structures [73]. By 
controlling process parameters in a precise manner, however, these structures can 
be readily manufactured using the SLM technique. Along with being cost-effective, 
this technique also allows for significant savings in manufacturing time and for the 
customisation of various configurations, no matter how challenging. Zhang et al. 
[74] studied the effect of scan line spacing on SLM-produced Ti6Al4V specimens 
by using thin wall struts of approximately 200, 300, 400, 500, 600 and 700 μm in size  
for each specimen. They concluded that implants require a scan line distance larger 
than 500 μm to form interconnected pores for practical applications, while lower 
spot sizes can be used to control thin-wall width for implants. It was also observed 
that porosity increased linearly with increasing scan line distance. It is generally 
understood that implants require highly porous yet organised structures [75], and 
this study proved that the porous structure of implants can be enhanced by manip-
ulating scan line distances and that the degree of porosity can be tuned to match 
patient-specific requirements. The implants have further been shown to improve 
biological fixation to achieve durability and stability in vivo. Scan line spacing can 
however have the potentially harmful consequence of pore allocation being strongly 
dependent on directional solidification and the formation of rough surface pores. 
Typically, Ti6Al4V specimens manufactured by SLM using the as-received alloy 
powder show a mixture of α and β phases in their formed microstructure, as well 
as an enhanced needle-shaped β phase. Poondla et al. [76] and Sun et al. [77] anal-
ysed SLM-produced specimens by heating them and subsequently cooling them at 
different rates, before carrying out a particle morphology analysis. They observed 
the different particle morphologies to have similar microstructures, with the initial 
microstructure of the specimens lying in the martensitic phase. Vrancken et al. [78] 
obtained similar experimental results, where they observed the vanadium (V) atoms 
in the solid β phase to not have sufficient time to diffuse from the unit cells during 
rapid cooling rates exceeding 103 K/s, and thus transform to the α phase. The β 
phase arising during the SLM process through the conversion of martensite is thus 
a diffusion-less transformation [79], where no stable bonding or accidental breach 
of the atom occurs through the boundary. The martensitic phase is hence believed 
to overcome the atomic order, chemical composition and crystalline defects of the 
parent specimen. 

Selective laser-melted Ti6Al4V is typically ductile, but it can still experience 
brittle failure from the deformation of concentrated local stress and temperature 
increases resulting from different cooling shear bands. Adiabatic shear band (ASB) 
formation is also possible, especially in the case of titanium metal alloys [80]. 
Previous studies have shown that failure can indeed occur due to additional thermal 
softening which promotes the development of ASB, and that pores can potentially 
act as an initiation location for the same. Porous titanium alloy specimens were 
successfully manufactured using SLM, by Mullen et al. [81, 82] who also studied
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the geometric influence of the unit cell on the mechanical properties of the printed 
specimen and showed that the technique can produce porous material with arbi-
trary degrees of porosity and adequate compressive strength. This was confirmed by 
Stamp et al. [83], Douglas T. et al. [84] and Warnke et al. [85], who manufactured 
porous alloys for biomedical applications particularly. Yadroitsev et al. [86] varied  
the process parameter of scanning strategy to fabricate Ti6Al4V using SLM: their 
“two-zone technique” (strategy A) resulted in the highest density specimens while 
the second approach (strategy B) reduced the area of the HAZ and remelting number 
of the final microstructure [87]. 

Heat treatment is usually employed for modifying the microstructure and/or 
reducing residual stresses following the fabrication process. Benedetti et al. [88] 
studied the effect of such post-sintering treatments on the fatigue and biological 
response of SLM-produced Ti6Al4V specimens and observed that the α’ phase can 
change into α + β phase without any grain growth after the treatment has been 
applied. Further, other post-processing treatments such as shot peening and HIP 
resulted in the formation of smoother, more uniform surfaces with impact dimples 
(for the shot-peened material) and without (for the HIPed material). Ti6Al4V spec-
imens manufactured using the Laser Engineered Net Shaping (LENS) technique 
usually demonstrate higher critical tensile strength, elongation and yield strength 
than conventionally manufactured or annealed specimens [21]. Bandopadhyay et al. 
[89] investigated the compressive behaviour and microstructural properties of LENS-
produced Ti6Al4V by using two different values of laser power to melt the metallic 
feedstock in a deposition process for producing porous specimens. They also studied 
the influence of variations in process parameters such as laser scan speed and powder 
feed rate on the resulting porosity in printed material [89]. 

The bulk density of LENS-produced specimens generally relies on the process 
parameters employed, and previous analyses have shown a surface of open porosity, 
with the bulk density varying from 67 to 85%. The interconnectivity of the pores 
however has been shown to vary along different directions in the printed material, 
with higher pore connectivity along the build direction than perpendicular to it. 
Both as-received and LENS-treated Ti6Al4V powder exhibited a combination of 
microstructures consisting of both α and β specimens, but the latter was also seen to 
comprise the needle-formed β phase, revealing a significant degree of the β phase at 
high temperatures. Sandgren et al. [90] reported a different mechanism for confining 
the development of small fatigue cracks in LENS-produced Ti6Al4V, with a formed 
microstructure containing large columnar β grains about 1–20 mm in length and 0.2– 
4.0 mm wide, perpendicular to the substrate. Reported fatigue crack growth (FCG) 
data was obtained from 2 and 3D tomography renovations while fracture length 
measurements were obtained from scanning electron microscopy (SEM). The tensile 
load facture surface was determined by distinguishing it from the fatigue fracture 
surface, and crack propagation observed to occur within one of the columnar β 
grains. Zhai et al. [91] analysed the propagation behaviour of long and small cracks 
in LENS-produced Ti6Al4V and assessed long fatigue crack growth in tensioned 
specimens using the conformity method to observe how the crack propagates. A 
surface flaw tension experiment was elaborated for small FCG, and the crack growth
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pattern captured using the direct current potential drop (DCPD) technique. Finally, 
FCG data for small cracks in conventional mill annealed Ti6Al4V indicated the 
acceleration and retardation of crack growth rates due to the presence of certain 
microstructural features. 

6 Influence of Process Parameters on Macrostructure 
and the Occurrence of Defects 

The main objective of the manufacturing process is to create a functional defect-
free part that exhibits superior physical and mechanical properties [51]. This is of 
particular importance in processing metallic materials for engineering applications, 
where micro-defects such as pores generally act as initiation sites for cracks and 
fatigue, leading to an eventual degradation of quality in the final printed part. A 
lack of mastery of the capabilities of the AM process and understanding of surface 
feature quality in AM metallic parts, however, persist [92]. Rough surfaces in printed 
metallic parts are indeed detrimental to their performance under fatigue, and surface 
irregularities play a key role in the failure mechanism resulting from this fatigue. 
This can be mitigated by a better understanding of surface roughness and how it 
may be controlled to prevent failure. The surface quality of additively manufactured 
parts is influenced by several factors such as the “staircase effect”, which results 
from layered material build-up during the manufacturing process, and hence in high 
surface roughness [93]. It also varies with the set of process parameters, such as 
laser power and laser speed, used for printing the part [94]. Process parameters are 
typically optimised according to the arithmetic mean of measured surface roughness 
(Ra) values [92, 95] or through qualitative observations. As-built surfaces typically 
show a surface of fully melted material beneath a layer of powdered particles stuck 
to this surface. To develop a feedback loop for optimising the manufacturing process, 
measurements of surface quality are no-contact and taken from a height above the 
printed part. Mean values of surface roughness are then calculated [96], but these are 
skewed by a superficial increase in height from the presence of non-melted powder 
particles on the printed surface [97]. These protrusions have no influence on the 
part performance under fatigue since they carry little stress [98], but the presence 
of surface notches leads to stress concentration, and in this case, Ra values are not 
dependable for predicting material properties or behaviour [99]. Non-destructive 
evaluation methods are typically used for characterising performance under fatigue 
with respect to surface features. 

For any AM technique, it also remains fundamentally important to understand 
the mechanism of formation of defects and identify the process parameters giving 
rise to these. Techniques which use local concentrated sources of thermal energy to 
produce metallic parts, such as PBF, EBM, DED and WAAM, generally give rise to 
defects classified according to their degree of severity, namely, (i) pores and voids 
and (ii) cracks, delamination and/or distortions. Pores and voids are the main defects
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found in AM parts with no significant distortion, delamination or cracks otherwise 
present. Contrastingly, cracks, delamination and distortion (which can result from 
pore formation) have a more severe effect on the properties of printed parts since 
they may reduce usability, disrupt the printing process and even physically harm 
the printing machine itself, as distorted or delaminated parts collide with the re-
coater blade or drum in PBF or the deposition nozzle in DED. Most machines are 
generally equipped with fail-safe mechanisms to halt the printing process in the 
instance of a collision being detected, but minor distortions and cracks can override 
this since they cause no significant collision that can be detected. The printed part 
will however still be unusable and can be inspected for defects only after it has been 
retrieved from the manufacturing chamber. If significant distortion occurs during the 
printing process, this may also halt the machine and render the previously deposited 
layers unusable, thereby causing a waste of time, effort and material. Selecting the 
right process parameters thus allows for defect mitigation and the production of parts 
with superior physical and mechanical properties. 

Pores and voids can be broadly classified into the categories of lack-of-fusion 
defects, gas porosities and keyhole porosities, all of which result from different sets 
of process parameters. Porosity is a defect that commonly occurs in metal AM parts, 
negatively affecting their mechanical properties. Porosity-related defects in parts 
manufactured by powder-feed DED may be of two types: powder induced and process 
induced [100]. Powder-induced pores result from the entrapment of the carrier gas 
inside the feedstock during powder atomisation and are generally spherical in shape. 
These spherical pores can translate directly to as-fabricated parts. Process-induced 
pores, on the other hand, occur when the applied thermal energy is insufficient for 
complete melting of the feedstock or when spatter ejection occurs. These pores are 
typically non-spherical in shape and occur in a variety of sizes, ranging from the 
sub-microscopic to the macroscopic. As highlighted by Sames et al. [101], most 
studies report porosity as being directly influenced by process methodology, so that 
process parameters need to be accurately tuned to avoid the risk of pore formation. 
The physical differences in these types of pores are illustrated in Fig. 7.

The occurrence of porosity or voids in a deposited material effectively reduces 
material density and can be seen at the surface and/or within the bulk of the fabri-
cated part. Most studies on optimising part quality in DED indeed centre on reducing 
porosity and achieving near-theoretical density. Several factors influence the forma-
tion and evolution of pores within a part, such as inherent porosity in the powdered 
feedstock, gas entrapment during the process (typically visible in the form of spher-
ical pores) and a lack of fusion between the substrate and deposited layer or between 
successive layers themselves (visible as non-spherical pores) [103]. Issues related 
to a range of process parameters can also give rise to porosity-related defects in the 
material. For instance, insufficient laser power being supplied during the deposition 
process results in a lack of fusion between the substrate and feedstock. Regions with 
insufficient fusion are characterised by non-melted powder particles visible inside 
or around the pore. Another type of process-induced porosity, known as shrinkage 
porosity (or “hot tearing”), arises from the incomplete flow of metal into the melt pool 
during the solidification process. Further, spatter ejection may also lead to regions of
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Fig. 7 SEM micrographs 
showing different types of 
defects in SLM-ed Inconel 
718, with volumetric energy 
density, VED = 31.75 J/ 
mm3. Defects in the circles 
are of the spherical, 
gas-entrapment type while 
the ones in hexagons indicate 
lack of fusion between the 
substrate and deposited 
material or between 
successive material layers 
[102]

porosity due to the application of excessive thermal energy. This occurs in contrast 
to pores arising from a lack of fusion where insufficient energy is applied. In PBF, 
process-induced porosity may occur during the mechanism of powder consolida-
tion from a loosely packed powder bed into a fully dense part [104]. The powder 
distributed includes particles that are larger than the layer thickness so that, upon 
melting, these consolidate into a layer of the required height. 

Porosity-related defects can be further categorised according to whether they 
occur between deposited material layers (interlayer porosity which occurs due to a 
lack of fusion) or within layers (intralayer porosity which may lead to keyholing). 
The concept of global energy density (GED) for laser-based DED processes was 
introduced to establish the relationship between these two types of porosity, as defined 
according to Eq. 1 [105, 106]: 

GE  D  = P 
vd 

(1)
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where P is the laser power, ν is the scanning speed and d is the laser spot size. 
GED can be readily correlated with dilution. Lower values of GED lead to a lower 

degree of dilution, indicating a higher tendency to defects due to a lack of fusion, 
whereas higher values of GED lead to a higher degree of dilution, indicating a higher 
tendency for the keyholing phenomenon to occur [106]. Wolff et al. highlighted that 
interlayer and intralayer porosity-related defects occur in regions of low and high 
values of GED, respectively [105]. Dass et al. further reported that the likelihood of 
lack-of-fusion defects occurring increases with decreasing GED in the region of low 
GED, while the likelihood of keyholing occurring decreases with increasing GED 
in the region of high GED [106]. The track overlap ratio has also been shown to 
affect the degree of porosity in parts fabricated by the LAM-DED process [106]. For 
LAM-DED, this ratio typically represents 25% of the width of the deposited bead 
[106]. 

When fusion process parameters are optimised, the process-induced porosity can 
be reduced to very low levels in all of DED, LM and EBM, resulting in AM parts that 
are over 99% dense [32, 107, 108]. While the differences in how process-induced 
porosity arises have not been fully studied, several studies have been carried out on the 
influence of process parameters (notably laser power and scanning speed) on powder-
and process-induced porosity [31]. In a comparison study between the processes 
of electron beam melting (EBM) and selective laser melting (SLM) for depositing 
Ti6Al4V powder, Zhao et al. [109] observed differences in both the distribution 
and characteristics of pores. Most pores formed in the SLM process were located 
at the interface between deposited beads, showing a close correlation between pore 
distribution and the deposition strategy. The input beam energy for EBM is also 
much higher than for SLM, so that the former process benefits from lower porosity: 
the spherical pores detected by Zhao et al. were powder induced rather than process 
induced. In processes with a laser beam input, such as SLM, however, the formation 
of flat- or irregular-shaped pores was attributed to incomplete homologous melting 
and solidification, especially for the smallest deposited part [109]. 

A study by Kumar et al. [110] on the influence of laser power and scan speed 
on porosity in laser powder bed fusion-processed Inconel 718 showed that the phys-
ical characteristics of the melt pool are critical regarding porosity fraction and pore 
shape. These both vary with the size and shape of the melt pool, in turn determined 
by the deposition process parameters. This was also observed by Criales et al. [111] 
in their study on L-PBF process parameters and scan strategy for Inconel 625. Kumar 
et al. observed the melt-pool width to be a critical parameter in optimising the hatch 
distance, which is important to the process as it determines the remelting and solid-
ification of previously solidified beads during subsequent laser passes, and poses a 
risk of void formation, increase in surface roughness and complicated evolution of 
the microstructure [110]. Furthermore, significant variations in the width and depth 
of the melt pool can lead to uneven melting of the metal powder. For a given laser 
beam diameter and hatch distance, some powder particles partially fuse in the region 
where the hatch distance exceeds the melt-pool dimensions, leading to physical 
defects [110]. These significantly impact the build quality and determine the level of 
post-processing required for AM parts.
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In their study, Kumar et al. found increasing scanning speed to improve the process 
efficiency; however, this increase was limited by pore formation at a given threshold 
of laser power. Low scanning speeds could reduce the pore formation but delay 
completion of the part deposition process. To optimise build quality and/or time taken 
to complete deposition, especially in industrial contexts, the parameters under inves-
tigation therefore need to be varied carefully. The study also showed that increasing 
the scan speed led to a linear increase in porosity fraction. However, increasing the 
laser power resulted in a rapid reduction of this porosity fraction. A trade-off is 
thus needed to assess acceptable levels of porosity against increasing efficiency and 
increasing cost. Using a single correlated parameter such as energy density could 
not be used to characterise both trends for the build quality. To achieve optimised 
porosity levels of <1% and <2%, Kumar et al. hence chose to propose individual 
windows for the process parameters of energy density, scan speed and laser power. 

Studies on porosity have suggested that the degree of porosity in printed parts itself 
may be of less importance than the morphology of the pores, and their mechanism 
of formation, in determining the mechanical properties of the final product. For 
instance, Gong et al. [112] showed that 1% of keyhole porosities had very little 
influence on the tensile strength of AM parts, while the same degree of lack-of-fusion 
porosities significantly degraded their mechanical properties. Under static loading 
conditions, the size of small pores, below a certain critical level, may be harmless to 
the performance of the overall part (dependent on the material under consideration) 
[113], but morphology is more significant: by classifying voids according to principal 
curvature analysis, Kasperovich et al. [114] observed that sharp irregularities in pores 
can act as stress concentrators. Snow et al. [115] also drew attention to the formation 
of pores and voids being partly stochastic since the complete systematic control of 
process conditions such as power fluctuations, particle packing and scatter remains 
intractable. The presence of pores in printed material therefore does not influence 
part quality by itself, as opposed to the geometry and mechanism of formation of 
the pores. Since pores and voids are highly likely to occur during the AM process, 
it may be both impractical and unnecessary to eliminate them completely, but some 
level and type of porosity could be allowed, depending on the application of the AM 
part, and even controlled through an appropriate selection of process parameters. 

Another type of defect that is commonly observed in AM is cracking. Cracks that 
propagate through deposited layers or between them are usually formed during the 
solidification of the melt pool, especially in the case of high or uneven cooling rates. 
This leads to non-uniform material shrinkage and states of residual stress (within 
compositionally singular or different materials). When the material is loaded, these 
cracks can propagate or even initiate new cracks. The occurrence of cracks can 
significantly reduce overall strength and fatigue life of printed parts, the mitigation 
of which is imperative through careful process planning and parameter control. 

Process parameters also have a direct influence on the residual stresses set up in 
AM parts from the rapid cyclical heating and cooling that occurs during printing 
[116, 117], and which may induce cracks, delamination and distortions. Through 
extensive experimental study, Bartlett and al. [118] concluded that residual stresses 
may be minimised by using the lowest possible effective energy input. Along with
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tuning process parameters, substrate or base plate preheating may also be used as 
a solution for mitigating the magnitude of residual stresses and their impact on the 
quality of the final product [51]. Preheating may moreover reduce the mechanical 
performance of printed parts, due to the formation of larger grain sizes at lower 
cooling rates. Preheating temperatures also have to be finely tuned according to the 
thermodynamic system of the alloy under consideration: if they exceed a certain 
threshold, the formation of undesirable microstructures may have an adverse effect 
on the mechanical properties of the printed material [119]. Additionally, preheating 
consumes a higher amount of energy during the AM process and thermal control of the 
base plate needs to be carefully designed to ensure even and homogeneous heating. 
It is therefore a safer and more straightforward option to manage residual stresses 
through an appropriate selection of process parameters, which can be varied to not 
only minimise the occurrence of defects but also enhance the final quality of printed 
material. Pressure in the manufacturing chamber for instance may be adjusted to 
determine the morphology of the melt pool [120] and stability of any keyhole arising 
during the process [121]. Ikehata et al. [122] demonstrated that different gaseous 
atmospheres and concentrations may be calibrated for refining the grain in AM parts, 
indicating that the shielding gas used to prevent oxidation during printing may also 
act as a process parameter. In the PBF process, nominal laser power delivered to the 
feedstock can also be reduced by the shielding gas used [123], while the type of gas 
used and flow velocities influence the quality of printing. Shielding gas velocities 
can disrupt the packing of particles in the powder bed and give rise to porosity [123, 
124]. Further, the shielding gas can directly affect the characteristics of the vapour 
plume [123, 125, 126] as the impingement angle of the plume disrupts the powder 
bed and the shape of the plume relative to the direction of flow of the shielding 
gas affects oxidation and reduction characteristics [127]. The altered characteristics 
of the oxidation process would then in turn affect the melt-pool dynamics and part 
quality due to the modified oxygen levels. The vapour plume formed under different 
process conditions also leads to differences in spatter, which has been seen to cause 
defects in AM parts. 

It is important to note that most optimisation processes in AM are based on the 
assumption of the parameters having a constant value. This is not always true since 
any printing process includes a level of uncertainty for which analysis methods can be 
applied. Some parameters have however been studied in detail, such as the effective 
layer thickness which varies throughout the printing process and reaches a steady state 
[53, 128, 129] different from the nominal powder thickness set by the practician at 
the start. This may occur due to powder packing density and material consolidation 
during each deposition process [129] and shows that process windows should be 
established for considering these factors during optimisation, as demonstrated by 
Ahn et al. [130]. Optimised parameters may indeed vary between the initial and 
steady-state stages of the printing process and parameters should only be considered 
to be “constant” when a quasi-steady state has been reached in the process. 

Furthermore, process parameter optimisation is not uniform across all proper-
ties of interest and applications. Gong et al. [14], for instance, demonstrated that 
different sets of parameters are required for maximising each of tensile strength,



24 N. Dhoonooah et al.

hardness and fatigue resistance in Ti6Al4V. The AM practitioner should therefore 
base the selection of process parameters on the manufacturing objectives and appli-
cation requirements. It is commonly assumed that minimising surface roughness in 
AM parts is essential to achieving a better fatigue response, for instance, but this 
is applicable rather to aerospace and automotive applications, where structural effi-
ciency and integrity are key to the performance of the printed part [131, 132]. In the 
production of medical implants, however, a higher surface roughness is preferred 
for osteogenesis, where mechanical properties are not maximised but instead specif-
ically tailored to the original bone material [133]. For orthodontic applications, the 
production of customised brackets requires minimal distortion and porosity in the 
material [134], proving that parametric optimisation is always application specific. 
The optimisation of process parameters is also directly linked to part quality, since 
they influence the physics of the manufacturing process: an inadequate parametric 
selection will result in poorly fabricated parts along with wasted time, materials and 
energy. While parameters have been traditionally optimised for high part densifica-
tion, certain newer applications may require them to be tailored for a desired output 
not related to the highest achievable strength or ductility of the printed part. Setting 
clear and definite application objectives is thus central to selecting the right process 
parameters. 

7 Conclusion 

In this chapter, we have reviewed the influence of process parameters on induced 
physical properties of parts printed using various AM techniques. We have focussed 
particularly on metallic bioimplants since these are generally high value, and manu-
facturing them additively lends to customisation, for which there is rising demand 
from patients. Due to the costs incurred, the margin of error during fabrication needs 
to be kept low as physical defects and poor mechanical performance can prove even 
more expensive to rectify in the finished product. It is important to select a controlled 
set of process parameters and operating conditions which ensure a high-quality finish 
and robust performance of the part, especially for sustained operation in the inner 
environment of the human body. While parametric optimisation is not fully mastered 
yet, it has been studied by a number of researchers as outlined in this chapter. 

Studies on the influence of first-order process parameters on the external 
morphology of deposited metal powder beads have shown that the scanning speed 
has a significant effect on bead width and height, while laser power only influences 
bead width—increasing power results in larger bead widths and a reduced occurrence 
of porosity-related defects. Additionally, preheating the substrate prior to deposition 
significantly increases both bead width and height. Using too low powder feed rates 
has however been preconised against, as higher laser energy is then available for 
melting the substrate instead of the feedstock, yielding higher levels of dilution and 
eventually leading to keyholing. Insufficient laser power being supplied during the 
deposition process results in a lack of fusion between the substrate and feedstock,
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giving rise to porosity. Regions with insufficient fusion are characterised by non-
melted powder particles visible inside or around the pore, while shrinkage porosity 
arises from the incomplete flow of metal into the melt pool during the solidification 
process. Low scanning speeds have notably been shown to reduce pore formation, 
but they delay completion of the deposition process. In industrial contexts, a trade-
off between reducing defects and achieving process efficiency is thus essential to the 
manufacturing process. 

The evaluation of different deposition strategies has shown that the contour 
strategy results in the best part performance, followed by zigzag, chessboard and 
linear paths. In terms of physical properties, the linear, zigzag and chessboard paths 
can result in workpieces with a narrow range of microhardness, while contours result 
in deposits with low average microhardness, but the most uniform thermal distribu-
tion. Different AM techniques employ different process parameters and handling 
of the build material, and this also influences the formed microstructure of printed 
parts; this is especially true for printed Ti6Al4V alloys. Microstructure has also been 
found to be directly influenced by the thermal history of the final part, since it directly 
determines the size, morphology and texture of the grains, the type, size and spatial 
distribution of defects, and the occurrence of residual stresses. 

Finally, in view of this evaluation, we suggest further research into optimising 
material deposition with respect to first-order parameters, particularly scanning speed 
and powder feed rate, as this remains limited in existing literature. We further propose 
deeper study into the feasibility of using DED for bioimplant manufacture since it 
appears to be an established, widely used AM technique, and does not result in 
significant thermal distortion in the base metal. 
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Chapter 2 
Additive Manufacturing Incorporated 
Carbon Nanotubes (CNTs); Advances 
in Biomedical Domain 

Sandeep Devgan, Amit Mahajan, and Vinod Mahajan 

1 Introduction 

Additive manufacturing (AM) can fabricate complex 3D components through a layer-
by-layer process by incorporating a variety of powders and wires of multiple materials 
[1]. Additive manufacturing opens up opportunities for the manufacturing of biolog-
ical, optical, fluidic, electrical and thermal configurations for various micro-elements 
of complex scaffolds, sensors, solar panels, robotic motors, electronics and mechan-
ical devices, aerospace fields, automotive parts, etc. [2]. Unlike traditional subtractive 
manufacturing methods that involve removing material from a larger block, additive 
manufacturing builds objects by adding material layer upon layer. This layer-by-layer 
approach allows for intricate and complex geometries that would be challenging or 
impossible to achieve with other manufacturing techniques [3]. Nonetheless, addi-
tive manufacturing continues to advance and evolve, with ongoing research and 
development focused on improving speed, scalability, materials compatibility, and 
overall manufacturing capabilities [4]. The principle of additive manufacturing offers 
several advantages over traditional manufacturing methods. It allows for greater 
design flexibility, faster prototyping, reduced material waste, and the ability to create 
complex geometries that may be difficult or impossible to produce using conven-
tional techniques [5]. Additionally, additive manufacturing enables customization 
and on-demand production, which can lead to cost savings, shorter lead times, and 
more sustainable manufacturing practices [6].
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2 Additive Manufacturing (AM) and Its Unique 
Characteristics 

Additive manufacturing acts as a revolutionary technology in manufacturing indus-
tries that has transformed the way we design, prototype, and manufacture objects 
and has encompassed various unique characteristics as shown in Table 1. 

Table 1 Additive manufacturing (AM) and its unique characteristics 

S. no Features Characteristics description 

1 Design freedom Exhibits unmatched design freedom, enabling 
the fabrication of wide range of customized and 
optimized components, which are difficult or 
impossible to create using traditional 
manufacturing methods [7] 

2 Customization and personalization Offers the feasibility to create highly 
customized products that are matched to 
specific needs. For instance, in the medical and 
dentistry industries, where patient-specific 
implants, prostheses, and orthotics with precise 
fit are fabricated through additive 
manufacturing are the best model of 
customization in process [8] 

3 Material versatility Compatible with a wide range of materials, 
including plastics, metals, ceramics, and 
composites. This versatility allows for the 
production of objects with diverse mechanical, 
thermal, or electrical properties, opening up 
opportunities for innovative applications [9] 

4 Sustainability Contribute to sustainability efforts by reducing 
material waste, energy consumption, and 
carbon emissions. It enables the production of 
lightweight structures, optimized designs, and 
the use of recycled or biodegradable materials 
[10] 

5 Rapid prototyping Ability to rapidly produce prototypes that 
accelerates the product development cycle, 
allowing for faster iterations and design 
modifications [11] 

6 Cost savings Facilitate cost-cutting approach by eliminating 
the need for tooling and molds. Additive 
manufacturing also minimizes material waste 
as it only uses the essential amount of material 
for fabrication [11]
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3 Nanomaterial-Integrated Additive Manufacturing 

A unique concept, i.e., integration of nanomaterials with additive manufacturing 
techniques holds great potential to enhance the performance and expand the range 
of applications for 3D printed objects [12]. Ongoing research efforts in this field 
are paving the way for the development of advanced functional structures and mate-
rials with improved properties and tailored functionalities. Numerous studies have 
explored the integration of nanomaterials into various additive manufacturing tech-
niques, yielding promising results [13, 14]. Various types of nanomaterials used with 
their key advancements and applications are shown in Table 2. 

Table 2 Various types of nanomaterials used with their key advancements and applications 

S. 
no 

Types Various nanomaterials 
used 

Properties 
influence 

Applications 

1 Nanocomposites 
for enhanced 
mechanical 
properties 

Carbon nanotubes, 
titanium nanotubes, 
graphene, nanoceramics 

Tensile strength, 
impact resistance, 
wear resistance 
and stiffness 

Aerospace fields, 
automotive parts, 
orthopedic 
applications 

2 Conductive 
nanomaterials for 
electronics 

Nanomaterials with high 
electrical conductivity 
such as silver 
nanoparticles and carbon 
nanotubes, copper fibers 

Electrical 
conductivity, 
resistivity, 
dielectric 
strength, etc 

Sensors, conductive 
traces, electrodes, 
wearable devices 
flexible electronics 
components sensors, 
solar panels, robotic 
motors 

3 Nanoceramics for 
improved thermal 
properties 

Ceramic nanoparticles, 
such as aluminum oxide 
and boron nitride 

Thermal 
conductivity, 
thermal 
expansion, heat 
resistance, heat 
capacity, etc 

Fluidic devices, Heat 
sinks, electronic 
packaging, coils, and 
thermal management 
systems 

4 Biocompatible 
nanomaterials for 
medical domain 

Biodegradable 
nanoparticles, 
nanohydrogels, and 
various non-toxic 
nanocomposites like 
hydroxyapatite 

Biocompatibility, 
cytotoxicity, cell 
adhesions, 
hydrophobic/ 
hydrophilic 
properties 

Bio-implants, drug 
delivery systems, 
tissue engineering 
scaffolds, and pores 
structures for tissue 
regenerations 

5 Functional 
nanomaterials for 
specialized 
applications 

Magnetic nanoparticles 
like ferrite nanoparticles 
or iron oxide 
nanoparticles, mimetic 
structures like 
nano-spheres, nono-rods, 
chemically inert 
materials, etc 

Permeability and 
various electronic 
properties, 
bio-mimetic 
properties, 
bio-inertness, etc 

Electrical motor 
elements, magnetic 
sensors and 
actuators, catalysts, 
nano-structured 
scaffolds, etc
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In recent decades, nanomaterials compatible with biological systems have been 
explored for 3D printing medical implants, drug delivery systems, and tissue engi-
neering scaffolds. Examples include biodegradable nanoparticles, nanohydrogels, 
and nanocomposites with enhanced biocompatibility and controlled release proper-
ties [15]. Therefore, the nano-scale manufacturing of biomaterials began with the 
promising of a new domain of nano-cellular responses at the molecular level [16]. 
The studies were begun with the idea that the nano-scaled manufacturing enhances 
the biological properties, i.e., cellular functioning along with cell adhesion properties 
and bulk properties, i.e., mechanical characteristics along with strength, toughness, 
etc. [9]. 

3.1 Carbon Nanotubes (CNTs) 

During past few decades, in the realm of materials science, Iijima’s study on carbon 
nanotubes (CNTs) from 1991 [17] was revolutionary in material manufacturing 
domain and promptly investigators from other fields began to pay attention to this 
unique substance. However, in twenty-first century, Carbon Nanotubes (CNTs) are 
widely used as ideal reinforcement material or synthesizing of complex compo-
nents in biomedical domain due to their superior bulk properties, i.e., high tensile 
strength (100 GPa), high weight-to-strength ratio, Young’s modulus (1 TPa), low 
density (1.7–2.0 g/cm3), high toughness, exceptional corrosion resistance properties, 
favorable biocompatibility, and excellent thermal and electrical properties [18, 19]. 
Various reports on CNT’s reinforcement show enhanced bulk properties, accompa-
nied by bio-favorable characteristics. Like, interfacial bonding of additive manufac-
tured polymer/CNT nanocomposites in terms of ultimate tensile stress and fracture 
stress was studied by Sandoval et al. [20]. The study concluded that a 0.05% (w/ 
v) of CNT addition elevated the ultimate tensile stress and fracture stress of the 
nanocomposites to 17% and 37%, respectively. Ushiba et al. [21] successfully fabri-
cate the 3D micro/nano-structural single-walled carbon nanotube (SWCNT)/polymer 
nanocomposites into arbitrary structures with enhanced mechanical and electrical 
properties. Moreover, Gonçalves et al. [22] showed that a 3D printed nanocom-
posite hydroxyapatite (HA)/CNTs/PCL scaffold structure has sufficient compres-
sive strength, appropriate porosity, pore size and electrical conductivity, as well as 
bioactivity and biocompatibility, making it an appropriate choice for utilization in 
bone regenerative medicine. These studies demonstrated that CNT-reinforced addi-
tive manufacturing showed great enhancements in mechanical, biological, electro-
chemical, and tribological properties of novel fabricated materials and became a 
next-generation material that is broadly incorporated in biomedical industries.
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4 CNTs Incorporated Various AM Techniques 

Additive manufacturing, also known as 3D printing, encompasses several different 
techniques and processes for creating three-dimensional objects. It offers numerous 
techniques and has found applications across various industries, for instance, 
powder-bed 3D printing, directed energy deposition (DED), material extrusion, vat 
photopolymerization, binder jetting, material jetting, and sheet lamination as revealed 
in Fig. 1. 

A vital technique of AM, i.e., 3D inkjet printing, is a low-temperature, low-
pressure process in which printing material is extruded through a small nozzle within 
a print head and layer-by-layer deposition of liquid materials or solid suspensions. 
The 3D inkjet printing is also known as droplet-based 3D printing, in which the 
liquid materials or inks are deposited onto a build platform through tiny nozzles in a 
controlled manner. This method is accessible to various materials like polymers and 
a wide range of conductive nanoparticles [23]. 

However, in 3D inkjet technique, the formation of CNT printable ink is the 
most challenging section which needs significant consideration of various factors 
such as ink stability, material quality and degree of dispersion and purity of CNT. 
However, the non-polar feature of CNTs restricts the dispersion of them in water 
and other polar solvents [25]. Various studies addressed the potentials of 3D inkjet 
technique of AM for the fabrication of complex shapes. For instance, Wang et al. 
[26] utilized inkjet printing to fabricate conductive patterns of multi-walled carbon

Fig. 1 Various techniques of additive manufacturing [24] 
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nanotubes (MWCNTs) and Ag nanoparticles. Both the powders are dispersed in 
water in the presence of dodecyl benzenesulfonate (SDBS) and acceptable stability 
of patterns was achieved after 50 cycles. However, high retention ratio of 96.9% of its 
initial capacitance after 3000 cycles was obtained when asymmetric super-capacitors 
(ASCs) with saturated MWCNT negative electrodes were prepared by addition of 
nano-manganese dioxide (MnO2) into the ink. Chou et al. [27] fabricate the porous 
Fe–Mn substrate with inkjet 3D printing and done investigation on mechanical, elec-
trical, and biological properties. The yield strength, ultimate strength, and Young’s 
modulus of 3D printed iron alloy were significantly closer to that of human bone. In 
addition, the alloy showed a significantly higher value of the cell viability or cyto-
toxicity that contributes to the biocompatibility of the alloy. Kang et al. [28] success-
fully fabricated the all-inkjet-3D printed flexible nano-bio-devices with amphiphilic 
biomaterial and an M13 phage by incorporating single-walled carbon nanotubes 
(SWCNT). Inkjet-printed nano-structured electrodes of SWCNT and M13 phage 
show favorable hydrostability and better electrochemical characteristics (Fig. 2). 

Similarly, the direct-write assembly (DW) is an extrusion-based multi-material 
direct printing system which utilized positive pressure to extrude liquid materials 
through a small nozzle- or droplet-based DW ejects onto a workpiece [29]. Although 
Skylar-scott et al. [30] fabricate high-resolution freestanding structure like helical 
springs using 85% Ag nano-particle ink for direct-write assembly (DW) 3D printing.

Fig. 2 Fluorescent images 
from the live/dead assay of 
live (green) and dead (red) 
MC3T3 cells attached after 1 
and 3 days’ culture on 3D 
printed Fe–30Mn [28] 
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The observation was laid to manage the location of nozzle and the laser head 
to avoid the upstream heat transmission and achieved the favorable results. Ou 
et al. [31] utilized direct-write (DW) 3D printing incorporating aerosol jet focusing 
through generating aerosol drips by exciting the ink with an ultrasonic atomizer. 
They fabricated the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate struc-
tures on flexible polyimide substrates for biomedical applications. The utiliza-
tion of well-dispersed high-S Sb2Te3 nanoflakes and high-σ multi-walled carbon 
nanotubes (MWCNTs) lead to enhanced inter-particle connectivity and the thermo-
electric performance of polystyrene sulfonate configurations. They concluded that 
aerosol jet utilization in direct-write assembly enhances the capabilities of process 
offering the adaptability to print inks constituted of a wide range of materials, like 
metallic nanoparticles, carbon nanotubes, and biological materials, with a wide span 
of viscosities. 

Another type of additive manufacturing is fused deposition modeling (FDM) in 
which 3D fused filament fabrication (FFF) is done via material extrusion. In this 
process, material is selectively dispensed trough a nozzle or orifice and constructs 
parts via layer by layer through depositing molten substance in a predetermined 
path [31]. Herein, Wu and Liao [32] successfully fabricated the 3D printing fila-
ments generated from maleic acid grafted PHA (PHA-g-MA) and acid oxidized 
multi-walled carbon nanotubes (MWCNTs) via fused deposition modeling (FDM). 
They concluded that by the accumulation of 1 wt% of MWCNTs-COOH, the tensile 
strength and modulus of PHA-g-MA were significantly increased to 32 MPa and 
467 MPa, respectively. Prashantha and Roger [33] successfully had done fused 
deposition modeling (FDM) on PLA/graphene nanocomposites containing 10 wt% 
graphene and confirmed the improvement in the thermal and mechanical proper-
ties. Fused deposition modeled alloy exhibited uniform distribution of graphene 
in the PLA matrix with the enhancement in the modulus and strength. Moreover, 
the additive manufacturing through fused deposition modeling (FDM) has been 
increasing in fabrication of the biocompatible composite scaffolds with better control 
of pore size and distribution [34]. Kim et al. [35] studied the in vivo examina-
tion on fused deposition 3D printed (FDM) scaffolds by implantation into rabbit 
femoral bone. The scaffolds consist of biocompatible (D,L-lactide:glycolide) (DL-
PLGA) and β-tricalcium phosphate and hydroxyapatite (HA) composites and exhib-
ited sympathetic morphology and biocompatibility and favorable bone regeneration 
properties. Wu et al. [36] formed a poly(vinyl alcohol)/hydroxyapatite nanocompos-
ites via fused deposition modeling FDM process with high-dimensional accuracy. 
The nanocomposite scaffolds exhibited higher compressive strength and improved 
biocompatibility. 

Likewise, powder-bed 3D printing is also an additive manufacturing (AM) tech-
nique which utilized laser as heat source for the fusion powder particles and 
commonly known as powder-bed fusion (PBF) technology. Various metals like stain-
less steel, aluminum, and cobalt, and different polymers like nylon, glass-filled nylon, 
polypropylene, etc. can be deposited with this process [37]. Likewise, Zhou et al. [38] 
utilized the powder-bed 3D printing technique and the unique hydrophilic and metal



40 S. Devgan et al.

compatible nanostructure of CNTs leads to develop fine and well-distributed carbon-
rich titanium nanocomposites without altering the morphology of powder particles 
and flowability. H. Shahali et al. [39] fabricated Ti-6Al-4 V porous structures and 
scaffolds via powder-bed 3D printing technique. They concluded that the pore size 
and Young’s modulus achieved by the powder-bed 3D printing technique was very 
significant to bone ingrowth (porosity range of 80–95% with Young’s modulus of 
0.12–1.25 GPa). Moreover, Khimich et al. [40] utilized the powder-bed 3D printing 
technique to fabricate Ti-Nb alloy. The nano-Ti-Nb alloy powders with grain size 
of 90 nm were produced by mechanical alloying and the fabricated alloy exhibited 
the volume fraction of isolated porosity is 2 vol. % and the total porosity is 20 vol. 
%. MG63 cell line proliferation was done for cell viability analysis of the fabricated 
porous samples. The cytotoxicity test affirmed that porous Ti-Nb sample surfaces 
exhibit favorable cell viability. 

A unique technique, i.e., micro-stereolithography (MSL) works on the vat 
photopolymerization technique in which each layer is shaped from fluidic 
photopolymer resin which re-crystallized with the exposure of ultraviolet rays. 
Micro-stereolithography (MSL) technique is majorly utilized in the manufacturing 
of sensors, and other structural objects in microsystems [41]. Farahani et al. [42] 
investigated the biomaterial domain of micro-stereolithography (MSL) technique by 
utilizing the functionalization of purified single-walled carbon nanotubes (SWCNTs) 
in 3D printing process. The morphological, mechanical, and electrical properties of 
3D printed nanocomposites were investigated through the preparation of biofunction-
alized SWCNTs (BF-SWCNTs) in epoxy resin with solution of dichloromethane. 
The results concluded that the tensile strength and the modulus of the nanocom-
posites increased by 76% and 93%, respectively, by the addition of only 1 wt% of 
biofunctionalized SWCNTs. 

An extended version of micro-stereolithography (MSL) is dynamic optical projec-
tion stereolithography (DOPS) which utilized a digital-mirror device (DMD), named 
as dynamic optical projection stereolithography (DOPS) in the fabrication process 
[43]. Likewise, Chivate, A. and Zhou [44] proposed the modified Schlieren-based 
observation mechanism for the fabrication of micro-lenses in biomedical domain. The 
physical experimental results showed the effectiveness of the proposed examination 
method which exploited confocal magnifying optics to generate a virtual monitor at 
the camera’s focal surface axis. For instance, Miri et al. [45] presented the applications 
of dynamic optical projection stereolithography (DOPS) in 3D bioprinting of vascular 
tissue constructs. They concluded that this technique offers functional bioinks which 
induce angiogenesis and capillary formation within constructs and output structure 
exhibits suitable vascularization resulting in enhanced tissue regeneration. 

Similarly, selective laser sintering (SLS) technique utilized laser powder-bed 
fusion technique commonly used to sinter powdered material (typically nylon or 
polyamide) for binding the material for solidification [46]. For example, Li et al. [47] 
utilized selective laser sintering (SLS) technique by incorporating self-made multi-
walled carbon nanotube-wrapped flexible thermoplastic polyurethane (TPU) powder. 
The MWCNT-wrapped TPU powder was composed of dispersion of MWCNTs 
in ethanol through ultrasonication and further stirred mechanically to obtain dried
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MWCNT-wrapped TPU powder. Machining resulted in the decrease in mechanical 
strength to some amount after successful completion of 1000 bending cycles. Zhang 
et al. [48] proposed selective laser sintering (SLS) technique incorporating carbon 
nanotubes (CNTs) for the fabrication of magnesium-based pore structures for a wide 
range of applications like biomedical and other industrial domains. They concluded 
that addition of high laser absorptivity materials (such as carbon nanotubes (CNTs), 
graphene) can significantly enhance the absorption rate of the Mg alloy powder 
to the laser. Wu et al. [49] fabricated CNTs/AZ31B composites by selective laser 
sintering (SLS), and they concluded that the laser absorption was increased by 7.9% 
by incorporating 1.5 wt% CNTs into AZ31B alloy. 

Furthermore, solvent-cast 3D printing (SC-3DP) is also an additive manufacturing 
technology which utilized volatile solvent binding system. In volatile solvent binding 
system, the ink having powders of metals or any other materials, mutually with 
a binder system (containing polymer, volatile solvent, and any other additive), is 
extruded through a small orifice and sintered to intended configuration [50]. Chizari 
et al. [51] fabricate stent structure by utilizing mixed solution of CNTs and PLA 
as printing ink via solvent-cast 3D printing technology. The mixture was prepared 
by dispersion of ball-milled MWCNTs into the dichloromethane solution and direct 
dissolving PLA in dichloromethane. They concluded that 30 wt% CNT concentration 
is the optimal values for printability, mechanical properties, and conductivity of the 
fabricated stent shapes. 

A new concept of two-photon polymerization (TPP) fabricates the solid 3d printed 
configuration from photoactivable material by non-linear two-photon absorption 
process. In two-photon absorption process, the transparent photo-material can absorb 
concurrently two photons in a very small area named as “voxel” which generates 
focalization cone. Correspondingly, in the voxel, the liquid monomer becomes a solid 
polymer by chemical reaction [52]. Ushiba et al. [21] utilized two-photon polymer-
ization (TPP) 3D printing technology to fabricate 3D single-walled carbon nanotube 
(SWCNT)/polymer nanomaterial substrates and attain very small spatial resolution 
of 200 nm in lateral dimensions. The photo-initiator and photo-sensitizer were mixed 
via stirring after the dispersion of SWCNTs into an acrylate monomer through sonica-
tion. They achieved the suitable nanocomposite structures having equal distribution 
of SWCNTs with enhanced mechanical properties. Similarly, Sanjuan-Alberte et al. 
[53] utilized two-photon polymerization (TPP) 3D printing technique with the aim of 
generating the compatible soft interfaces between biological and electrical structures. 
In this regard, they develop the substrates by the dispersion of multi-walled carbon 
nanotubes (MWCNTs) with hydrogels through the formulation of gelatine methacry-
late (GelMa)-based inks for two-photon polymerization (TPP). The cell viability 
analysis affirmed the favorable growth of support human-induced pluripotent stem 
cell-derived cardiomyocyte (hPSC-CMs) feasibility. Moreover, the MWCNTs acted 
as conductive nanofillers which improve electrochemical properties. 

Hence, there is a requirement of the biomedical domain to manufacture such 
construct which fulfill the all aspects of ideal biomedical devices, whereas carbon 
nanotube (CNT)-incorporated AM is unique solution for this purpose and encourages 
the manufacturing community for next-generation bio-products.
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5 Conclusion 

This article revealed the versatility of additive manufacturing through their various 
techniques by integrating nanotechnology especially carbon nanotubes (CNTs). 
It presents the potentials of carbon nanotube (CNT)-incorporated additive manu-
facturing along with the enormous capabilities to obtain bio-favorable substrates 
with desirable surface morphological properties. Although various outcomes of AM 
process are addressed and concluded that carbon nanotube (CNT)-incorporated addi-
tive manufacturing exhibited precise manufacturing and better surface properties 
in comparison to the several existing techniques. Despite the versatility of addi-
tive manufacturing (AM), opportunities arise related to the scaling up the fabri-
cation of nanomaterial-enhanced 3D printed objects. In conclusion, As the tech-
nology continues to advance, there is a need of multidisciplinary efforts to elim-
inate the constraints related to integration of additive manufacturing (AM) and 
nano-biotechnology fields for the development of new generation bio-products. 
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Chapter 3 
Formation, Testing, and Deposition 
of Bioactive Material Using Thermal 
Spray Additive Manufacturing 
Technique 

Talwinder Singh and Davinder Singh 

1 Introduction 

Hydroxyapatite (HA): Ca10 (PO4)6 (OH)2 is a hydrated calcium phosphate mineral 
gaining wide attention owing to its good biocompatibility and chemical similarity 
with human bones [1, 2]. HA supports bone regeneration and repair when employed as 
medical implant in dental and orthopedic applications [3]. However, poor mechanical 
properties of hydroxyapatite such as low impact resistance, brittleness, and less 
tensile strength restrict its use in load-bearing applications such as hip and knee 
replacements [4, 5]. Therefore, HA is preferred as a bio-coating material applied 
on a tougher metallic substrate [6]. HA-coated implants possess superior bioactivity 
properties along with enhanced strength and thus boost healing process of the implant 
[7]. 

Among all existing advanced additive manufacturing techniques, the thermal 
spray under high-velocity oxy-fuel (HVOF) additive manufacturing is one of the most 
admired powder deposition approach for many industries such as aerospace, automo-
bile, power generation, chemical, and biomedical [8–10]. In high-velocity oxygen-
fuel (HVOF) process, fuel (natural gas, hydrogen, acetylene, propane, kerosene, 
propylene, etc.) and oxygen are mixed together and delivered to the combustion 
chamber for combustion. The resultant high-pressure hot gases exit the nozzle with 
supersonic speed. The injected powder melts partially in the gas stream, propels, 
and gets deposited over substrate with high bond strength and low porosity [11– 
13]. Hasan and Stokes [4] observed HVOF additive technique results in superior 
HA deposition with maximum purity and crystallinity values of 99.84% and 93.81, 
respectively, as compared to plasma spray method. In addition, deposited material
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under HVOF spraying is less prone to oxidation, decomposition of particles, and 
phase change when compared with arc spraying and plasma spraying technique [14, 
15]. Likewise, Ham et al. [16] found coated samples under HVOF thermal spray 
results in improved elongation owing to nonexistence of crack propagation in the 
deposited layer when compared with Cr-plated samples. Furthermore, high-velocity 
oxy-fuel additive technique provides significantly dense coating with a low level 
of porosity (mostly < 1%) [17]. Li et al. [18] also witnessed higher bond strength 
(31 MPa) of HA-coated samples under HVOF sprayed method compared to plasma 
spray technique (14 MPa). Henao et al. [19] investigated bioactive behavior of HA/ 
TiO2 deposition on a Ti-6Al-4V alloy using HVOF thermal sprayed method under 
in vitro conditions and noticed apatite layer (bone) formation on top surface of the 
coating which was not present on uncoated Ti-6Al-4V alloy and thereby suggests 
HVOF additive manufacturing a step forward in the growth of bioactive coatings for 
medical implants. Mardali et al. [20] compared corrosion behavior and microstructure 
of HA deposited on magnesium-based substrates—AZ61—using HVOF and flame 
spraying. Findings revealed HVOF results in more stable phases, higher corrosion 
resistance, and less roughness when compared with flame sprayed coatings. 

Based on the literature review, in the present experimental study, high-velocity 
oxy-fuel (HVOF) thermal spray additive manufacturing technique has been selected 
in order to deposit developed bioactive powder on stainless steel AISI 304 L substrate 
for medical implant applications. Central composite rotatable design (CCRD) and 
desirability optimization approach have been employed to attain optimum HVOF 
additive manufacturing parameters that result in maximum microhardness number 
(VHN: Vickers hardness number). The research methodology for the present study 
is given in Fig. 1.

2 Materials and Methods 

2.1 Forming Bioactive Powder 

In the current experimental study, bioactive hydroxyapatite (HA) powder has been 
formed from natural apatite substance (i.e., chicken eggshell) through heat treatment 
method. The collected eggshells were boiled for 1 h in distilled water and then oven 
dried at 500 °C for 30 min. to minimize the moisture content. To make bioactive 
powder, the dried eggshells were first crushed in grinder and then mechanically ball 
milled using cast iron spherical balls having diameter = 4.8 mm and weight = 390 
gm with drum rotation = 30 r.p.m. (Fig. 2) to get required powder size range of 30–50 
microns suitable for deposition on metallic substrate under high-velocity oxy-fuel 
(HVOF) thermal spray additive manufacturing technique [21, 22].



3 Formation, Testing, and Deposition of Bioactive Material Using … 47

Fig. 1 Research 
methodology

2.2 Testing of Bioactive Powder 

Before deposition of developed bioactive powder on substrate, the following 
tests were conducted to confirm the traces of HA compound and to access the 
biocompatibility of the powder with human blood. 

2.2.1 FTIR (Fourier Transform Infrared Spectroscopy) 

Figure 3 illustrates FTIR spectrum of the developed bioactive powder. Results 
revealed presence of hydroxyl group (OH−) at peak band of 3414.31 cm−1 attributed



48 T. Singh and D. Singh

Fig. 2 Ball milling process

to hydroxyapatite compound in the developed powder. Similarly, phosphate (PO4 
3−) 

group peak characteristics are witnessed at location of 875.73 cm−1 and 711.16 cm−1. 
The existence of peak bands at 1797.88 cm−1 and 1417.89 cm−1 are corresponding to 
carbonate (CO3 

2−) groups present in the developed bioactive powder configuration. 
It has been concluded from the FTIR analysis that the compound peaks present in 
the analyzed hydroxyapatite (HA) powder from chicken eggshell are identical to the 
commercial hydroxyapatite structure [23].

2.2.2 SEM–EDS Characterization 

Figure 4 shows characterization of the developed bioactive powder through SEM 
(scanning electron microscopy) and EDS (energy dispersive spectroscopy). Results 
verify eggshell powder comprises large amount of calcium (Ca= 44.48 %) along with 
phosphorus (P = 19.27 %) as revealed from EDS analysis corresponding to spectrum 
1 (Fig. 4), and therefore makes it suitable material for boosting bone growth when 
utilized in medical implants.

2.2.3 Blood Clotting Test 

Blood clotting is essential to stop bleeding after an injury to a blood vessel. This 
clotting builds a shielding layer over the injured blood vessel, and thus allows it to 
heal. To perform blood clotting test (Fig. 5), blood sample was taken in capillary
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Fig. 3 FTIR spectrum of developed bioactive powder

tube and transferred on test slide for microscopic examination. Figure 5d shows  
fibrinogen protein present in normal blood sample at 40X magnification that involved 
in the forming of blood clots and the clotting time of normal blood was observed as 
74.0 s. Figure 5e depicts image of blood mixed with developed bioactive powder 
and the clotting time in this case was reduced significantly to 36.46 seconds. Finally, 
blend the normal blood with anticoagulant solution (i.e., sodium citrate 3.8% (w/ 
v) and the developed bioactive powder as seen in Fig. 5f. The purpose of adding 
anticoagulant solution is to prevent coagulation of blood but in contrary to that, the 
formation of blood clot was seen in 38.42 s just because to high compatibility of 
developed bioactive powder (from eggshell) with human blood and thus it can be 
considered as a bioactive material for implant applications and a viable substitute for 
costlier commercial HA powder.

2.3 Deposition of Bioactive Material 

2.3.1 Preparation of Base Metal Substrate 

Stainless steel AISI 304L was selected as base metal substrate because of notable 
mechanical properties such as high corrosion resistance, excellent tensile strength,
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Fig. 4 SEM–EDS characterization of developed bioactive powder

Fig. 5 Blood clotting test procedure: a, b Blood sample collection, c Test slide, d Normal blood 
at 40X magnification, e Blood mixed with developed bioactive powder, f Blood mixed with 
anticoagulant and bioactive powder
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Fig. 6 Preparation of base metal substrate 

Table 1 Elemental composition of stainless steel AISI 304L 

Element C Cr Mn Si P S Ni Fe 

Weight % 0.08 18.0–20.0 2.00 1.00 0.045 0.03 8.0–10.5 Balance 

and is widely employed material in medical device industry, orthopedic and dental 
medical implants, etc. [24]. Available base material substrate (1.5 mm thickness) 
was cut into the required rectangular sample size of 20 mm × 30 mm using treadle 
cutting machine as shown in Fig. 6. The elemental composition of stainless steel 
AISI 304L is given in Table 1. 

2.3.2 Thermal Spray Additive Manufacturing Technique 

Layer of bioactive powder has been deposited on AISI 304L stainless steel substrate 
under thermal spray HVOF (high-velocity oxy-fuel) additive manufacturing process 
at Metallizing Equipment Co. Pvt. Ltd. (MEC), Jodhpur (India). Figure 7a depicts 
the principle of HVOF thermal spray technique in which acetylene (fuel gas) and 
oxygen mixture is delivered to the combustion chamber for combustion. The hot 
gases produced in the combustion chamber having pressure nearly 1 MPa exit the 
nozzle at supersonic speed. The injected powder propelled (up to 800 m/s) by high-
velocity gas stream; melts partially and deposits upon the surface of base metal 
substrate. The fuel-oxygen hoses, powder feeder line, and coolant supply lines are 
attached to the HVOF gun as shown in Fig. 7b.

2.3.3 Central Composite Rotatable Design of Experiment (CCRD) 

Figure 7c shows additive layered samples obtained under different thermal spray 
HVOF parameters. In the present investigation, four variables (y = 4) or input HVOF 
parameters were selected as standoff distance (SOD), acetylene supply rate (ASR),
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Fig. 7 Experimental setup: a Principle of HVOF, b HVOF gun, c Additive layered samples prepared 
under different HVOF parameters

oxygen supply rate (OSR), and powder feed rate (PFR). The output variable or 
response factor was microhardness number (VHN: Vickers hardness number). Exper-
imental plan was designed using design expert software 7.0 under central composite 
rotatable design (CCRD) approach where each input HVOF parameter was varied 
over five levels as shown in Table 2. Central composite design (CCD) plan comprises 
16 experiments (±1 level, 2y; y  = 4), 8 runs (±α level; 2y = 8), and 2 experiments at 
center (0 level) in order to examine HVOF gun repeatability. The value of alpha has 
been finalized as 2 (α = 161/4) to augment experimental design as CCRD. Totally 26 
experiments were conducted at 5 levels and microhardness values (Vickers hardness 
number (VHN)) were calculated using MVH-II digital microhardness tester under 
applied load = 200 grams for time = 20 sec for each sample. Table 3 gives CCRD 
design layout and obtained results for microhardness number (VHN).
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Table 2 Thermal spray HVOF parameter levels 

HVOF parameters 5-levels 

−α (lowest axial) −1 (low) 0 (center) +1 (high) +α (highest axial) 
Standoff distance 
(inch.) 

2 4 8 12 16 

Acetylene supply 
rate (m3/min.) 

40 50 60 70 80 

Oxygen supply 
rate (m3/min.) 

30 40 50 60 70 

Powder feed rate 
(gm/min.) 

10 15 45 75 105

3 Results and Discussion 

3.1 Effect of Input HVOF Parameters on Microhardness 
(VHN) 

Figure 8 illustrates 3D surface plots to examine the effect of input thermal spray 
HVOF parameters on microhardness (VHN). The value of microhardness increases 
significantly with an increase in standoff distance (SOD) from 4 inch to 12 inch as 
noticed from Fig. 8a. However, with change in powder feed rate (PFR) from 15 to 75 
gm/min., the microhardness increases slightly. The highest value of microhardness 
(VHN) has been observed corresponding to SOD = 12 inch with PFR = 75 gm/ 
min. Figure 8b depicts the effect of oxygen supply rate (OSR) and acetylene supply 
rate (ASR) on microhardness. With change in OSR from 40 m3/min. to 60 m3/ 
min., the microhardness remains almost constant. But the value of microhardness 
increases rapidly with increase in fuel (acetylene) supply rate. The maximum value 
of microhardness (VHN) has been found at a combination of OSR = 60 m3/min. 
and ASR = 70 m3/min. Other studies [25, 26] also witnessed similar findings under 
thermal spray HVOF material deposition technique.

3.2 Optimization of HVOF Parameters and Validation 

Desirability function optimization technique was applied to attain optimum setting of 
input HVOF parameters that result in maximum microhardness value. This method 
is preferred by many industries to get optimum manufacturing process parameters 
for different responses simultaneously [27]. The desirability scale range, i.e., 0 to 1 
signifies absolutely unwanted value (0) to completely satisfactory value (1) of the 
suggested optimal solutions. Table 4 shows different constraints considered during 
optimization process and Fig. 9 (optimization ramp plots) gives optimum HVOF 
parameters as standoff distance (SOD) = 12 inch., acetylene supply rate (ASR) =
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Table 3 CCRD design layout and results obtained for microhardness number (VHN) 

Run no Standoff 
distance (inch.) 

Acetylene 
supply rate 
(m3/min.) 

Oxygen supply 
rate (m3/min.) 

Powder feed 
rate (gm/min.) 

Microhardness 
(VHN) 

1 8 60 70 45 310 

2 4 50 40 75 302 

3 4 50 60 75 280 

4 12 50 60 15 480 

5 8 40 50 45 270 

6 4 50 40 15 218 

7 12 50 40 75 410 

8 2 60 50 45 370 

9 4 70 60 15 250 

10 8 60 50 45 370 

11 8 60 50 10 290 

12 4 70 40 75 340 

13 12 70 60 15 597 

14 12 70 40 15 590 

15 12 50 60 75 520 

16 8 60 50 45 350 

17 4 70 60 75 515 

18 8 80 50 45 410 

19 12 70 40 75 460 

20 4 70 40 15 245 

21 4 50 60 15 335 

22 12 50 40 15 236 

23 8 60 50 105 390 

24 12 70 60 75 460 

25 8 60 30 45 350 

26 16 60 50 45 300

70 m3/min., oxygen supply rate (OSR) = 60 m3/min., and powder feed rate (PFR) 
= 74.87 gm/min. that results in highest microhardness number, VHN = 504.998 at 
desirability level of 0.757. Confirmation tests (repeated thrice) were also conducted at 
the obtained optimum HVOF parameters under same experimental setup conditions. 
Results (Table 5) show percentage error among predicted and observed value of 
microhardness (VHN) is much lower, i.e., 3.06 %, and thus validates the experimental 
outcomes.
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Fig. 8 Effect of HVOF parameters on microhardness (VHN)

Table 4 Constraints applied during optimization process 

Constraints Goal Lower limit Upper limit 

Standoff distance (inch.) Within limit 4 12 

Acetylene supply rate (m3/min.) Within limit 50 70 

Oxygen supply rate (m3/min.) Within limit 40 60 

Powder feed rate (gm/min.) Within limit 15 75 

Microhardness (VHN) Maximize 218 597

4 Conclusions 

In the current experimental research, bioactive powder has been developed, tested, 
and deposited on AISI 304L stainless steel substrate using thermal spray high-
velocity oxy-fuel (HVOF) additive manufacturing technique. Desirability function 
optimization has been applied to attain optimum setting of input HVOF parameters 
that result in maximum microhardness (VHN) value. The following conclusions are 
drawn from the present study:

(1) FTIR spectra of the developed bioactive powder reveal presence of hydroxyl 
group (OH−) at peak band of 3414.31 cm−1; phosphate group (PO4 

3−) at  
875.73 cm−1, 711.16 cm−1; and carbonate group (CO3 

2−) at 1797.88 cm−1, 
1417.89 cm−1, respectively, which confirms existence of hydroxyapatite 
compound in the developed powder. 

(2) SEM–EDS characterization highlights presence of large amount of calcium (Ca 
= 44.48%) along with phosphorus (P = 19.27%) in the developed bioactive 
powder and therefore makes it suitable material for boosting bone growth when 
utilized in medical implants.



56 T. Singh and D. Singh

Fig. 9 Optimization ramp plots 

Table 5 Confirmation test results 

Results obtained at optimum HVOF parameters: standoff distance 
(SOD) = 12 inch., acetylene supply rate (ASR) = 70 m3/min., 
oxygen supply rate (OSR) = 60 m3/min., and powder feed rate 
(PFR) = 74.87 gm/min 

Predicted value Experimental observed value Error (%) 

Microhardness (VHN) 504.998 490 3.06

(3) Blood clotting test shows blending of developed bioactive powder with blood 
results in significant reduction of clotting time (= 36.46 s) compared to normal 
blood clotting time (= 74.0 s). 

(4) 3D surface plots reveal standoff distance and acetylene supply rate as domi-
nating factors affecting microhardness compared to powder flow rate and oxygen 
supply rate HVOF parameters.
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(5) Desirability function optimization recommends optimum thermal spray HVOF 
additive manufacturing parameters as standoff distance (SOD) = 12 inch., 
acetylene supply rate (ASR) = 70 m3/min., oxygen supply rate (OSR) = 60 
m3/min., and powder feed rate (PFR) = 74.87 gm/min. that results in highest 
microhardness number, VHN = 504.998 at desirability level of 0.757. 

(6) Confirmation tests show percentage error among predicted and observed values 
of microhardness (VHN) is much lower (3.06%), and thus validates the 
experimental outcomes. 
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Chapter 4 
Controlled Oxide Deposition Improves 
Mechanical and Biomedical Applications 
of Titanium Alloy 

Anil Kumar, Sunil Sinhmar, Suresh Kumar, and Rishabh Sharma 

1 Introduction 

Titanium (Ti) is the ninth most abundant element among all other elements available 
on the earth’s crust with an atomic number of 22. Titanium has a metallic luster with 
silvery appearance, low density and high strength [1]. Valuable properties of titanium 
like excellent corrosion resistance and a high strength to weight ratio make it popular 
in various engineering applications where resistance to corrosion is crucial. Titanium 
alloys are a combination of titanium with other elements, typically aluminum, vana-
dium, iron and molybdenum. These alloys exhibit enhanced properties compared to 
pure titanium, such as improved strength, hardness and heat resistance [2–4]. Grade 5 
is the most widely used titanium alloy consisting of 90% titanium, 6% aluminum and 
4% vanadium. It offers an excellent balance of strength, low weight and corrosion 
resistance making it suitable for aerospace, marine, medical implants and chem-
ical processing industries. Titanium grade 2 alloys contains 99.2% pure titanium 
making it more ductile and formable than grade 5. It is commonly used in appli-
cations where formability and corrosion resistance are essential such as chemical 
processing equipment medical implants and marine components [5–8]. Titanium is 
widely used as a biomaterial in various medical and dental applications due to its 
excellent biocompatibility and medical properties. Here are some key points about 
titanium as a biomaterial:
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. Biocompatibility: Titanium exhibits excellent biocompatibility, meaning it is well 
tolerated by the human body. When implanted, titanium does not elicit signifi-
cant immune responses or toxic reactions. This makes it suitable for long-term 
applications within the body.

. Corrosion resistance: Titanium has a naturally occurring oxide layer on its surface, 
which provides excellent corrosion resistance. This oxide layer protects the metal 
from degradation when exposed to bodily fluids preventing the release of harmful 
ions or corrosion byproducts.

. Strength and durability: Titanium has a high strength to weight ratio making 
it strong and durable. It can withstand mechanical strength in load bearing 
applications such as orthopedic implants without fracturing or deforming easily.

. Osseointegration: Titanium has the ability to integrate with living bone, a process 
known as osseointegration. The surface of titanium implants can be modified 
to enhance this property, facilitating the direct bonding of bone to the implant 
surface. This promotes the stability and longevity of the implant.

. Versatility: Titanium can be fabricated into various forms such as screws, rods 
and dental implants. It can also be used in combination with other materials such 
as polymers or ceramics to enhance specific properties or tailor its behavior for 
specific applications.

. Imaging compatibility: Titanium is radiolucent meaning it does not interfere 
significantly with imaging techniques such as X- rays or magnetic imaging (MRI). 
This allows for easier post-implant evaluation and monitoring.

. Allergic potential: Although rare some individuals may exhibit hypersensitivity or 
allergic reactions to titanium implants. However, titanium is generally considered 
to have low allergic potential compared to other metals. 

Due to these characteristics, titanium is used in a wide range of medical appli-
cations, including orthopedic implants such as hip and knee replacements, dental 
implants, surgical instruments, cardiovascular device, external fixation devices, etc. 
Extensive researches and developments have been conducted to optimize the use of 
titanium as a biomaterial and it continues to be a material of choice in many biomed-
ical applications [9–17]. While titanium is widely used as a biomaterial due to its 
excellent biocompatibility and osseointegration nature but it also has some consid-
erable limitations. Poor wear resistance, lack of bioactivity, limitations in complex 
shape and design, etc. are some points that diminish the biomedical applications of 
non-treated titanium. Sometimes infection and tissue spoilage problems are observed 
with untreated titanium implants [18]. Thus, to reduce the effect of these limitations, 
various surface treatment methods are adopted to improve the biocompatibility of 
titanium alloys like anodizing, thermal oxidation, plasma oxidation, etc. [19–21]. 
Anodic oxidation also refers to anodizing or electrochemical oxidation in which a 
thin layer (10 μm) of oxide film deposits on the surface of titanium alloy [22]. Tita-
nium is used as an anode in electrolytic cells where a potential difference of 10 volts 
is applied resulting in the formation of a thin and porous titanium oxide layer. The 
surface roughness and topography created through the anodizing enhance osseoin-
tegration and promote cell adhesion [23]. Anodized titanium alloy promotes the
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formation of a homogeneous and stable oxide layer (TiO2) on the titanium substrate. 
TiO2 acts as a protective barrier between the implant and the surrounding biolog-
ical environment [24]. The oxide layer prevents direct contact between the implant 
material and bodily fluids, reducing the release of metal ions and potential adverse 
reactions. A uniformly deposited oxide layer reduces the susceptibility of the material 
to corrosion in the harsh physiological environment. Improved corrosion resistance 
maintains the structural integrity of the implants and prevents the release of metallic 
debris that could induce inflammatory responses or tissue damage [25]. Nanoporous 
oxide film deposited within a 0.5% HF solution at 10 volts promotes a favorable 
environment for bone cell attachment and cell proliferation [26]. Anodizing param-
eters such as voltage and electrolyte composition can be adjusted to control the 
surface roughness and topography of the anodized titanium alloys. Surface rough-
ness plays a crucial role in cell adhesion, migration and proliferation. By modifying 
the surface roughness, anodizing can optimize the interactions between the implant 
and cells leading to improved biocompatibility[27]. The surface roughness level is 
proportional to the increasing thickness of the oxide film, initially surface roughness 
increases at a very slow rate but increases rapidly when anodic voltage exceeds 50 
volts. However, the surface roughness increases linearly from 25 nm at 5 volts up to 
100 nm at 70 volts and then accelerates to 150 nm at 80 volts [28]. The EDS analysis 
explicates that the presence of calcium, oxide, phosphorus and sulfur [29] within 
TiO2 supports cell proliferation. Palladium treated [30] and thermally oxidized tita-
nium [31] within the HCl solution enhance the anti-corrosive as well as wear strength 
of the metal substrate. Traditional antibiotics are not sufficient to control bacterial 
infection of medical devices [32] because a thin biofilm deposition occurs around the 
surface thus nano-structured treated surfaces are highly recommended for medical 
devices [33] and implants [34]. 

2 Materials and Methods 

2.1 Pretreatment 

A thin sheet of titanium grade 5, provided by the supplier (Om Steel Industries, 
Pune, India), in dimensions 200 × 300 × 0.2 mm is used as a specimen in the 
presented research work. The specimen was very dirty, greasy and stained; thus, 
it needs pretreatment before anodization. Initially, a sample of 10 mm in diameter 
was cut from the sheet in the form of a disc for the execution of the experimental 
analysis. The specimen was mechanically polished in a scheduled manner by using 
emery paper of grits 320, 400, 600, 1000, 1200 and 1500 followed by silicon carbide 
polishing. To remove the foreign materials and stain marks retained by mechanical 
polishing, the specimen was agitated in a mixture of 5% HF, 10% NH4F and 10% 
HNO3 for 5 min at 25 °C temperature. After this, the specimen was placed in an 
acetone bath for 2 min and then air dried at room temperature.
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2.2 Anodic Oxidation 

A set of experiments was conducted to achieve a thin adhered film with a homo-
geneous nano-structured surface. For this, anodic oxidation of the titanium alloy 
specimen was performed within 0.5 M H2SO4 along with varying concentrations of 
HF solution. The specimen was connected to the negative terminal (anode) of an 
external D.C. power source (Keithley, 2220 series) whereas a platinum bar of diam-
eter 10 mm was placed as a counter electrode (cathode). The schematic is depicted 
in Fig. 1. Both, electrodes remained stationary at a gap of 25 mm and a uniform 
current density of 10A/dm2 was applied for 10 min at Ti terminal. Detailed process 
parameters are given in Table 1. The heat generated within the electrochemical cell 
was dissipated by a mechanical stirrer, and the solution temperature was maintained 
at 25 °C. Finally, the anodized sample was carefully removed from the solution, 
washed in distilled water and air dried. A comparative analysis of anodized as well 
as non-anodized samples was carried out to differentiate remarkable property changes 
caused by anodization. 

Fig. 1 Schematic diagram of the setup utilized to execute anodic oxidation of titanium alloy
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Table 1 Anodizing process parameters 

Counter electrode 99.2% pure platinum rod (10 mm diameter) 

H2SO4 concentration 0.5 M 

HF concentration 5%, 10%, 15% and 20% by volume 

Anodic current density 1 A/dm2 

Solution temperature 278 K 

Agitation Mechanical stirrer 

3 Characterization 

The surface morphology, homogeneity and topography of anodized nanosurfaces 
were evaluated by Scanning Electron Microscope (SEM, EVO 18 Carl Zeiss). An 
anodized sample was mounted on a stainless steel specimen holder (Kurt Hollocher), 
to allow the conductivity of a high-speed electron beam the sample was sputtered with 
a thin layer of gold film without charging the sample. Highly magnified images in the 
range of 1000X to 20000X were captured to represent clear nano-textured surface 
morphology. An X-Ray Diffractometer (XRD, Bruker D8 advanced) equipped with 
CuKα radiation source was utilized to exhibit the phase analysis of the anodized 
surface. The QV 1000 micro-hardness tester (Vicker’s type) was utilized to determine 
the surface hardness of the anodized surface. A small load range of 25gf to 100gf 
was applied by a diamond shaped indenter, which supports auto loading. The applied 
successive load range was sufficient to mark an indent within the oxide film and was 
not allowed to penetrate beneath the oxide layer. Five indents were marked for a 
10-s time span and then averaged to determine the surface hardness of the oxidized 
surface. 

Osteoblast cell line (KBH5448) was provided by KRISHGEN Bio Systems, 
Mumbai (India). The cells were cultured in DMEM (Dulbecco’s Modified Eagle 
Medium) with l-glutamine, supplemented with 10% FBS (Fetal Bovine Serum) and 
1% antibiotic solution. The anodized samples were sterilized in acetone and air dried. 
The sterilized samples were placed in well plates and cultured in an incubator at a 
temperature of 37 °C with 5% CO2 and an increased humidity level of 95%. The 
cells were cultured for at least 24 h. When approximately 90% of cells reached 
the confluent monolayer stage, the cultured solution was removed. The investigated 
cells were washed with Phosphate Buffered Saline (PBS) and sterilized in an acetone 
bath for 10 min and air dried. The cells were cultivated on the plate surface, with 
0.25% trypsin–EDTA. The harvested cells were investigated by a Fuchs Rosenthal 
Hematological Camera.



64 A. Kumar et al.

4 Results and Discussion 

4.1 Aesthetical Appearance of the Anodized Sample 

It has been observed that the anodic oxidation of the titanium alloy results in colorful 
patterns at different anodic voltage levels, as shown in Fig. 2. The oxide deposition 
commences immediately after the completion of the electric circuit, and a colorful 
surface appears within a few minutes, whereas incremental change in the potential 
difference supports rapid deposition of an oxide layer of dark shade. The change 
in color of the oxide film is only an interference of light phenomenon; thus, it is 
voltage-dependent directly. It has been observed that voltage is a leading parameter 
for anodization because oxide deposition rate is directly proportional to applied 
voltage. Initially, a thin film of 200 nm thickness was deposited at 10 V and the 
thickness continuously increased with the increase in voltage, but after 50 V’ oxide 
deposition rate slowed down and became dull after 90 V. Fragile and intermittent 
oxide film was observed at 90 V which doesn’t have any valuable application. 

Fig. 2 Aesthetical 
appearance of the anodized 
titanium alloy at various 
anodic voltages
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4.2 Surface Morphology and Phase Examination 

Micrographs depicted in Fig. 3 revealed the surface morphology of the non-anodized 
specimen in image (A), polished Ti specimen (B) and anodized Ti alloy within 
a consistent value of H2SO4 at 0.5 M whereas 5%, 10%, 15% and 20% HF 
from (C), (D), (E) and (F), respectively. Comparative analysis of images (A) and 
(B) explicates that electrochemical polishing furnishes a uniform surface finish of 
extreme level; thus, pretreatment is very essential before anodization of titanium 
if nanoporous structure is the preeminent requirement. Homogeneous nanoporous 
structure appeared at lower concentrations of HF (upto 10%) whereas pore diam-
eter, homogeneity and porosity were disturbed at higher concentration of HF. A fine 
and homogeneous porous structure has been obtained at an anodic voltage of 40 V 
within an electrolytic concentration of 0.5 M H2SO4 and 10% HF. A qualitative 
phase analysis was conducted through XRD at a constant angle of incidence, say 
28. Phase analysis of an anodized sample is represented in a graphical manner in 
Fig. 4 at various concentration levels of HF (5%, 10%, 15%, 20% and 25%) whereas 
0.5 M H2SO4 remains constant. Dominant phase conversion from anatase to rutile 
appeared at 5% and 10% HF concentrations. Amorphous to crystal transformation or 
simply anatase to rutile conversion was interrupted by increasing HF concentration; 
refer to Table 2.

4.3 Surface Hardness Evaluation 

A diamond-shaped indenter was used to mark an impression on the sample’s surface, 
with the estimated value at a specific load range being observed from a digital display. 
Five observations were conducted for a specific load and then averaged to determine 
the value of surface hardness. The actual data observed from Vicker’s micro hardness 
tester are depicted in Table 3, and the same observed data are plotted in a bar diagram 
as shown in Fig. 5.

Anodized surface offers high surface hardness as compared to non-anodized 
surface and offers a strong resisting force to mark a scratch through externally applied 
load. A tough and hard surface becomes more durable, with almost six to seven times 
the hardness achieved by the anodic oxidation process. 

4.4 Biocompatible Behavior 

The biocompatible behavior of the sample KBH5448 is represented in Fig. 6. It has 
been observed that the most important factor influencing the growth of the cells 
is culture time. In the case of a non-anodized sample, no serious cell development 
has been observed. Whereas in case of anodized sample, severe cell growth has
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Fig. 3 SEM images of unpolished Ti alloy (a), uniform surface finishing observed after electropol-
ishing (b), anodized Ti specimen within 0.5 M H2SO4 and 5% HF (c), 10% HF (d), 15% HF (e) and  
20% HF (e) at optimum voltage of 40 V for each case

occurred. Figure 6 represents a Ti6Al4V sample that was anodized at 40 V within a 
0.5 M H2SO4 electrolyte with 10% HF solution and cultured for 24 h. A nanoporous 
surface supports vigorous cell growth and more elongated filopodia; refer Fig. 6c, 
d. Highly magnified SEM images of the sample’s surface exhibit that the filopodia 
grabbed strongly with the nanoporous titanium oxide surface; this is clearly visible 
in Fig. 6e, F.
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Fig. 4 Quantitative phase analysis of the anodized Ti alloy at varying concentration levels of HF 
(say; 5%, 10%, 15%, 20% and 25% HF) 

Table 2 XRD analysis 

Sample material %age of HF within 0.5 M of H2SO4 

5% HF 10% HF 15% HF 20% HF >20% HF 

Ti6AL4V Rutile Rutile Anatase Anatase α-Ti

5 Conclusions

1. To achieve a homogeneous nanoporous oxide surface over titanium alloy, it is 
essential to be pretreated before anodization because a highly finished surface 
improves pore homogeneity as well as uniform deposition of oxide film. 

2. Voltage and current density are observed as optimum process parameters for 
anodization and must be controlled to enhance aesthetic and morphological 
qualities of the metal substrate. The composition of HF within the sulfuric acid 
electrolyte facilitates the adhesion of oxide film with high porosity. 

3. Among other oxidation processes, anodization is a very cheap and fast process to 
improve the architectural appearance of the metal surface especially for titanium 
or its alloys. Furthermore, surface hardness can also be improved almost five to
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Table 3 Data collected from microhardness tester (Vicker’s type) for the evaluation of surface 
hardness within specific load range of 25, 50, 75, 100 gf, for anodized as well as non-anodized 
sample 

Load (gf) 25 50 75 100 

For anodized sample 

Observed value of 
surface hardness 
(HV) 

418, 420, 418, 
412, 432 

406, 420, 416, 
419, 419 

420, 420, 412, 
418, 420 

416, 411, 400, 
449, 419 

Averaged value of 
surface hardness 
(HV) 

420 416 418 419 

For non-anodized sample 

Observed value of 
surface hardness 
(HV) 

75, 70, 72, 84, 84 77, 77, 75, 78. 68 70, 76, 75, 78, 91 74, 71, 73, 85, 82 

Averaged value of 
surface hardness 
(HV) 

77 75 78 77 
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Fig. 5 Evaluation of surface hardness for anodized and non-anodized samples for a load range of 
25gf–100gf

six times as compared to non-anodized Ti, which improves engineering as well 
as biomedical applications of the Ti alloy.

4. Nanoporous titanium oxide improves biocompatibility and supports new cell 
formation whereas increasing culture time increases new cell formation vigor-
ously. Porous surface supports cell proliferation and filopodia adhere strongly to 
nano-textured surface. Thus, it has been concluded that a biomaterial must be 
treated sincerely before implantation because nanoporous oxide film offers high 
bone cell attachment, cell proliferation and osseointegration properties.
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Fig. 6 SEM micrographs of anodized Ti6Al4V cultured for 24 h support new cell formation as in 
(A and B), highly magnified views of the newly formed cells (C and D) and strong adhered filopodia 
with nano-textured surface (E and F)
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Chapter 5 
Instrumentation and Monitoring 
of Additive Manufacturing Processes 
for the Biomedical Applications 

L. de Peindray d’Ambelle, K. Moussaoui, and C. Mabru 

1 Introduction 

In the recent years, the demand for patient-specific biomedical products increased 
because of global population aging, obesity, and the increase in road traffic accidents. 
Therefore, there is a substantial need to manufacture such devices quite rapidly to 
reduce the risk of repeated procedures and/or surgery operation time. Additionally, 
recent context such as the world pandemic of COVID has raised the question of 
how to provide medical products in large quantities and short time [1, 2]. Additive 
manufacturing (AM) has been a suitable candidate as a manufacturing process in 
the biomedical field. This technique has many advantages such as rapid prototyping, 
design customization, complex-shape parts construction, and reduced waste produc-
tion [1–6]. Moreover, since the parts build up from a Computer-Aided Design (CAD), 
AM can be used to produce patient-specific devices and anatomical structures [1, 3, 
5, 6]. That is why AM is nowadays under development in biomedicine, enabling to 
build of parts difficult to achieve with conventional techniques [3, 4]. Patient-specific 
structures reduce the surgery operation time, and the fabrication of highly porous 
scaffolds or implants is more and more developed in the industry. More recently, a 
study by Rehman et al. [2] demonstrated how the rapidity and cost-effectiveness of 
AM could significantly help to meet shortages in medical devices during a worldwide 
pandemic like COVID-19. 

Several types of AM techniques already exist and are implemented at an industrial 
scale. According to the application and the material to be printed, one process can be 
preferred over another. There have been comparisons established between metal AM 
processes for biomedical applications and the commonly used processes are Laser-
Powder Bed Fusion LPBF (also called Selective Laser Melting SLM), Electron Beam
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Melting (EBM), and Binder Jetting (BJ) [2, 7, 8]. The strengths and limitations of 
these processes are summed up in Table 1. LPBF and EBM are the two main AM 
processes used in the biomedical field, especially for implant fabrication. 

In the biomedical field, the raw material for AM depends on the application. 
Each application requires specific characteristics to be met thanks to the process and 
material chosen. AM of metallic parts is the most common in the field of biomedicine, 
even if other applications like the fabrication of natural tissues, bones and blood 
vessels require for instance hydrogels, bio-glasses, bioceramics [6]. The most used 
AM metals in biomedicine are Ti-, Zn- and Co-based alloys, steel, and Mn-based 
alloys [8, 10, 11]. Titanium under its pure form or Ti-based alloys, more often Ti-6Al-
4V, Ti15Nb4Ta4Zr, or Ti-24Nb-4Zr-8Sn demonstrate an excellent corrosion resistance 
as well as tensile stress, fracture toughness, and fatigue stress [12–20]. The possibility 
to manufacture porous Ti-based components ensures a fast bone tissue ingrowth [21, 
22]. Additionally, the long-term toxicity of those alloys is minimal, but it is possible 
that some osseointegration and biocompatibility limitations can occur. Still, Ti-based 
alloys are part of the most biocompatible metals. Since this metal and this alloy are 
highly reactive with atmospheric gasses, Ti components require surface treatment 
involving the use of ceramics [23]. 

Co–Cr-based alloys are also widely used because of their corrosion resistance, 
high mechanical properties, and wear resistance [24–30]. The most common are 
Co–Cr–Mo and Co–Ni-Cr–Mo. These alloys have better properties for biomedical 
applications than stainless steels but are costlier. Nevertheless, Co–Cr alloys have a 
higher elastic modulus than a compact bone, which can lead to stress-shielding and 
reduced osseointegration. Besides, there is still a risk of cobalt release in the body 
which is toxic [10]. Stainless steels are low cost and demonstrate good mechanical 
resistance, biocompatibility [31–33]. However, their lower corrosion resistance could

Table 1 Comparison of metal AM processes for biomedical applications [1, 2, 9] 

Process Strengths Limitations 

LPBF • Good geometrical accuracy and 
resolution 

• Good mechanical properties 
• Nearly full dense part 
• Low surface roughness 
• Variety of printable alloys 
• Controlled porosity 

• Costly because of the infrastructure 
needed 

EBM • Low residual stresses 
• High mechanical strength 
• Nearly full dense part 
• Controlled porosity 
• No post-process heat treatment needed 

• Difficulties for high-dimensional parts 
• Rough surface 
• Lower  resolution  
• Explosive risk 

BJ • Involving low temperatures and 
pressures 

• No post-processing 
• Low  cost  

• Low resolution 
• Lower strength 
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lead to the release of undesired metallic ions, like nickel and chromium, and harmful 
reactions in the patient’s body [10]. This effect can be prevented by using Ni-free 
steels or steels with low Ni-contents like 316L [33]. The latter has better properties 
for biomedical properties such as an enhanced strength, plasticity, corrosion and 
wear resistance, and biocompatibility. Other alloys such as Mg-based alloys are 
also utilized as biomaterial [10, 34]. These materials usually are suitable for their 
suitable mechanical properties and biodegradability. However, Mg alloys for clinical 
applications generally have insufficient corrosion and wear resistance when placed 
in the body environment. The release of Mg hydroxide that is converted rapidly to 
Mg chlorides could be harmful to the patient [35]. 

There are several types of applications of metal AM in the biomedical field. 
Implants manufactured by additive techniques and installed in a patient’s body can 
be permanent or not when they are biodegradable. Metal AM can be also used to 
fabricate surgical tools or other medical devices. Some examples of applications for 
AM in biomedicine are described in the following section. Implants are meant to 
replace defective or missing tissues and bones in a human body. AM is developing 
in the fabrication of permanent implants like joints [36], bones [16, 18], and dental 
implants [9, 37]. Some examples of biomedical applications with AM parts are shown 
in Fig. 1. 

Besides, the freedom of design offered by AM techniques enables the produc-
tion of surgical tools and medical instruments with better ergonomics and better

Fig. 1 Examples of metallic AM parts for biomedical implants. a Co-29Cr-6Mo femoral implant 
with mesh structure fabricated by EBM [36]. b Ti-6Al-4V tibial knee stem with mesh structure 
fabricated by EBM [36]. c Hip stem with mesh structure fabricated by SLM [3]. d Ti-6Al-4V hip 
stems with mesh structures and different porosity rates fabricated by EBM [13]. e Co-Cr-based alloy 
cardiovascular stent fabricated by SLM [26]. f Finger implant fabricated by SLM [38]. g Titanium 
sternal implants fabricated by AM [15] 
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customization than conventional manufacturing methods. Moreover, the cost-
effectiveness and rapidity of such processes give the possibility to produce a high 
number of tools and instruments, which is advantageous in developing countries. 
Metallic surgical tools made by AM are mainly made with 316L stainless steel, Ti-
based alloys, and Co-Cr-based alloys [7]. Examples of metallic AM surgical tools 
and medical instruments are steerable grasping tools [39], electrodes [40], or instru-
ments for hip and knee replacements [41]. The parts fabricated by AM for biomedical 
applications should respect a series of criteria regarding their properties and char-
acteristics. They are very specific to the field of application and the use of the part. 
An implant, scaffold, or screw to be inserted in a human’s body will not have the 
same “exigences” as a surgical tool. These different properties will be gathered and 
summer up according to the applications. An implant is used to mimic the function-
ality of a tissue or bone. Therefore, some of its characteristics must be similar or 
identical to the original part of the body that it has replaced. 

1.1 Biocompatibility 

Since it is introduced in the body, the implant should be made of a biomaterial and 
be biocompatible. Success of the implant introduction depends on the reaction of 
the human body, which is not only the host response to the biomaterial but also 
the degradation of this material in the body environment [42]. According to this 
response, the implant will be considered as bioactive, meaning that it enables an 
efficient osseointegration or biotolerant. If the material is not biocompatible, some 
issues can occur such as thrombosis (causing blood coagulation) tissue encapsulation, 
allergies, or intoxication [11, 43]. 

1.2 Mechanical Properties 

The human bone, divided into an outer and inner region, has an elastic modulus of 
20 and 0.5 GPa, respectively. In general, this elastic modulus depends on the type of 
bone and the direction of measurement while testing [43–45]. The outer bone density 
is about 2 g.cm−3, and this also varies according to the type of bone, its geometry 
and its porosity [14, 46, 47]. For metallic implants made of Ti-based or Co–Cr-based 
alloys, the elastic moduli are higher than the human bone and for instance, a Ti 
implant has a density around 4 g.cm−3, which is twice the bone’s density. Therefore, 
a metallic implant’s stiffness could cause a “stress-shielding” effect in the patient’s 
body which is a response to the high mechanical stress applied by the implant. This 
phenomenon hinders the implant’s longevity because of bone resorption and implant 
loosening [43]. In contrary, in a healthy patient’s body, the bone remodels in response 
to the mechanical stress applied [48, 49]. Furthermore, the implant should also have 
high compressive, shear and tensile strength to avoid fracture occurrence. The fatigue
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strength of the material is also an important factor as brittle fractures can occur under 
cycle loading of the implant [1, 6]. 

1.3 Porosity 

The implant stability in the body depends on its fixation with surrounding tissues. 
The human bone consists of an outer cortical dense bone, which has a high technical 
strength. The porosity of the cortical bone in less than 10 vol% whereas the inner 
trabecular bone has a porosity rate about 50–90%. This interconnected pore system 
is essential to ensure cell penetration, bone tissue ingrowth, vascularization, and 
nutrient delivering. AM is suitable to fabricate parts with a desired rate of porosity 
and ensure the implant’s osseointegration and fixation [14, 22]. It is possible to differ-
entiate two types of porosity in a structure, closed-cell, and open-cell. The closed-cell 
structure consists of pores enclosed by a thin metallic membrane and is generally 
present in metallic foams. These pores have various sizes, locations, and shapes 
in the structure. Whereas in an open-cell structure, the pores are interconnected. 
The porosity is necessary for bone tissue ingrowth and fixation of the implants but 
affects drastically the fatigue strength of the part. It has been shown that for Co–Cr 
and Ti-6Al-4V porous coated alloys on solid core structures, the fatigue resistance 
decreased significantly [50, 51]. It is also possible to ensure mechanical properties 
and decrease the part’s weight thanks to cellular structures and scaffolds [19, 22, 
52–54]. The advantage of cellular structures and scaffolds is the control of the voids 
and strut’s locations, sizes, and shapes [55]. The optimal pore size depends on the 
proteins and enzymes to infiltrate or attach to the AM part but also the original body 
part to be regenerated [56]. The scaffold’s characteristics determine afterwards the 
mechanical properties of the implant and should match the properties of the original 
part of the body to mitigate the stress-shielding effect [57]. 

1.4 Surface Finish 

In addition, AM parts should have a specific surface property such as surface wetta-
bility, roughness, and texture. These properties particularly affect the wetting of the 
implant by fluids like blood, the adhesion of osteoblasts on the implant’s surface, 
the adsorption of proteins. The roughness and texture have an influence on cell 
attachment on the implant surface [17, 27, 47].
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1.5 Corrosion and Wear Resistance 

The corrosion and wear resistance are two important characteristics for a metallic 
implant. When placed in the human body, surrounded by body fluids, the biomaterial 
is confronted to corrosion. Different types of corrosion like crevice corrosion, pitting 
corrosion, galvanic corrosion, or electrochemical corrosion can occur and lead to the 
release of metallic ions by the implant in the body [43, 47, 58]. This phenomenon 
can be the cause of intoxication and allergies, for instance with the release of nickel 
ions from stainless steels alloys [11, 59]. Besides, corrosion can cause modifications 
of the part’s surface roughness hence a deterioration of the cell adhesion and bone 
tissue ingrowth. The following part gives an overview of the common part defects 
encountered in metal AM, especially for LPBF and EBM (two most used processes in 
biomedicine). Then, instrumentation and monitoring techniques for a better control 
and understanding of these metal AM processes are discussed. Finally, multi-sensor 
approaches, as well as their strength and limitations, are detailed. Perspectives of 
the instrumentation and monitoring for additive manufacturing in the biomedical 
applications are given. 

2 Common AM Parts’ Defects in the Biomedical Field 
and Relation to Process Parameters 

The defects observed on AM metallic parts are related to process parameters. In AM 
techniques such as LPBF, EBM, SLS, these parameters are numerous and interrelated 
which complexifies the optimization of part’s quality. Common defects and their link 
to process parameters will be described in the following section. Some solutions to 
mitigate defects occurrence have been explored in literature and will be summarized. 

2.1 Pores 

In powder-bed AM techniques, the presence of undesired and uncontrolled pores is 
one of the most encountered defects. Pore defects can be divided into two categories: 
gas pores and lack-of-fusion (LOF) pores. Pores are formed through different mech-
anisms related to process parameters. These defects will have an effect on the part’s 
mechanical properties [4, 60]. Gas pores gather keyhole pores, hydrogen pores, or 
powder feedstock pores (Fig. 2a–c) [4, 61]. These pores have a size between 5 and 
50 μm and could have various shapes but are often recognizable by their spherical 
shape. Gas pores are caused by an entrapment of gas in the feedstock powder particles 
or in the melt pool during fabrication. In general, these types of pores occur in high-
energy areas and they are larger when the laser energy density increases [61–63]. The 
latter depends on the laser power and scanning speed: keyhole pores tend to appear
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more when the laser power is high combined with a low scanning speed (Fig. 2e, f) 
[64, 65]. Hydrogen pore formation is reduced thanks to lower laser power and higher 
cooling rates (shorter time between melting and solidification) (Fig. 2h) [66]. Finally, 
the powder feedstock pores are more numerous when the raw powder contains more 
porosities because of gas atomization (Fig. 2g) [67]. To achieve a stable melting pool 
and prevent the formation of keyhole and hydrogen pores, one way is to lower the 
excessive energy density by controlling the laser power and scanning speed [61, 66]. 

LOF pores (Fig. 2d) are present between consecutive tracks, consecutive layers, 
or between the part and the substrate. They are usually irregularly shaped and reach 
sizes from 50 μm to several millimeters [61, 68]. LOF pores occur if the bonding 
with the previous track was incomplete or there is spattering (also called balling). 
This phenomenon prevents the powder bed from being spread uniformly and discon-
tinuities appear on the surface on the tracks [68–72]. The LOF can be caused by 
an insufficient laser energy density, for instance due to a Gaussian laser distribution 
where the sides have a lower energy. In addition, the incomplete melting can come

Fig. 2 a Metallographic cross-section showing a keyhole pore in a 316L track made by LPBF [75]. 
b Fractography of a Ti-6Al-4V EBM specimen showing a gas pore [76]. c SE-SEM micrograph of a 
gas pore within a feedstock powder particle (Ni-based superalloy) [77]. d Fractography of a Ti-6Al-
4V SLM specimen showing a LOF pore [76]. e Influence of laser power on the total porosity for 
SLM of Ti-6Al-4V [63]. f Influence of scanning speed on the total porosity for SLM of Ti-6Al-4V 
[63]. g μSXCT measurements showing porosities in the Ti-6Al-4V feedstock material (left) and in 
the EBM as-built part [67]. h Increase of the hydrogen pore density when increasing the scanning 
speed with the laser beam diameter. LPBF of AlSi10Mg samples [66] 
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from the combination of low power and high scanning speed [65]. Hatch spacing 
between tracks of a layer could also affect the LOF pores formation: when the hatch 
spacing increases the LOF occurrence tends to increase [73]. As for the balling effect, 
it has been shown that it occurs when the melt pool is unstable because of high laser 
power and high scanning speed [61]. Instead of a Gaussian laser beam, [74] studied 
a Bessel beam for the LPBF process and obtained a porosity rate 7 times lower than 
with the Gaussian beam (for the same processing parameters). 

Porosity defects affect the final mechanical properties, especially tensile/ 
compressive strengths, and fatigue performances of the AM metallic parts. The 
tensile properties mainly depend on the microstructure and the phases of the material. 
Mechanical properties such as tensile/compressive strengths are rarely affected by 
small gas pores but can be significantly affected by LOF pores [61]. Gong et al. [78] 
showed the impact of pore defects on the tensile behavior of LPBF parts. For gas 
pores volume <1% caused by a high energy density, the tensile properties were not 
affected but the effect appeared for a porosity >5 vol%. Tensile strength is hindered 
by LOF defects because these large irregularities cause stress concentrations that 
affect the mechanical properties. Pore defects also affect the fatigue resistance of the 
printed material, and it was shown for instance by Gong et al. [78] for LPBF parts. 
The fatigue performances were reduced because of the LOF defects that created 
brittle fracture in the material. Leuders et al. [79] also demonstrated the detrimental 
effect of pores in LPBF parts fabricated with Ti-6Al-4V on their fatigue resistance. 
The mean fatigue life of these samples ranged from 27 000 to 290 000 cycles. As a 
comparison, the authors treated their AM parts via Hot Isostatic Pressing (HIP) and 
obtained a mean fatigue life of 2 × 106 cycles. 

2.2 Cracks 

In metallic AM, two types of crack defects can occur: hot cracking (also called hot 
tearing or liquation cracking) and cold cracking (also called solid-state cracking or 
solidification cracking). The occurrence of cracks in the material strongly depends on 
the presence of internal defects such as pores (Fig. 3a, c) [80] but also are influenced 
by process parameters (Fig. 3b). Cracks within the AM parts hinder the mechanical 
properties. Hot cracking occurs in the zone surrounding the melt pool, which is 
called the partially melted zone. The latter consists in partially melted grains (S) 
and an intergranular liquid (L). The fracture of hot cracking does not show a dendritic 
structure because of the presence of the liquid phase. The hot cracking susceptibility 
in the partially melted zone is affected by the material grain structure, the hot ductility 
and contraction of the metal used. Cold cracking occurs in the fusion zone (or Heat 
Affected Zone HAZ), i.e. the completely solidified zone during the terminal stage of 
solidification. The fracture surface of a cold crack reveals a dendritic structure. The 
dendrites, at the end of solidification, are separated by a liquid film that persists at 
lower temperatures and weakens the material, making it susceptible to cracking if
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Fig. 3 a Cold cracking induced with a pore [80]. b Optical microscopy of single tracks and cross-
sections produced with laser power of 120 W (110 W on the right image) and scanning speed of 
0.2 m.s−1 (0.4 m.s−1 on the right image) [84]. c Cross-section of a LPBF-ed aluminum alloy single 
track showing cold cracking with white arrows, hot cracking with red arrows and keyhole pore with 
yellow arrow [85] 

there are tensile stresses. Cold cracking is affected by the solidification range of the 
metal, its composition, ductility, contraction among others [61, 81–83]. 

Cracking occurrence is strongly related to process parameters such as the heat 
input during metal AM. For the LPBF process, scanning speed and laser power 
influence the energy density applied in the melt pool, and high energy density has 
been proven to yield to cracks. An increase of the laser power leads to the change of 
the melting mode by going from a conduction mode of the heat to a keyhole mode 
(Fig. 3c) [84, 85]. Additionally, the manipulation of the lasering mode (for instance 
quasi continuous instead of continuous wave) can be used to reduce the cooling rate 
and prevent the formation of brittle phases, which promote crack initiation [86]. In 
the case of fabrication of titanium aluminide alloy parts with EBM, [87] showed  
that a high energy input combined with a reheating process avoids the formation 
of cracks. This effect is due to a higher sensibility of the material to cold cracking 
than hot cracking and it would mean that materials prone to cold cracking must be 
manufactured with a higher heat input than materials prone to hot cracking [82]. The 
hot cracking occurrence tends to increase with a high scanning speed [88, 89]. Nie 
et al. [89] showed that very low scanning speeds (≈80 mm/s) could prevent the crack 
formation in SLM Al-4.24Cu-1.97 Mg–0.56Mn parts. Other parameters such as the 
hatch spacing can have an influence on cracking. For aluminum alloys printed by 
LPBF, it has been shown that a smaller hatch spacing enables the remelting of the 
crack and its elimination thanks to a higher overlapping ratio of the melt pool [88].



82 L. de Peindray d’Ambelle et al.

2.3 Surface Roughness 

In metal AM, surface defects might occur, and the final surface roughness is an 
important factor to control, especially for biomedicine applications [90]. Surface 
roughness of AM parts can be evaluated and is related to process parameters but also 
feedstock material properties. An insufficient surface roughness could hinder the 
cell adherence, fixation, and tissue ingrowth on the implant. In contrary, too rough 
surfaces and the presence of large surface defects could deteriorate the mechanical 
properties of the parts [10]. In AM, the surface roughness is caused by the staircase 
effect, partially molten powder particles and balling effect [91] (Fig. 4c). An efficient 
way to overcome the staircase effect is to lower the layer thickness as shown Fig. 4a. It 
leads to an increase in the resolution of the part, but it is detrimental to manufacturing 
time. To improve surface finish, fine powders are also preferred. However, fine powder 
tends to agglomerate which affects the flowability, an essential factor for the spreading 
of the powder bed in AM [92, 93]. In terms of parameters, a sufficient energy input 
and combining lower scan speed with higher laser power should mitigate surface 
roughness [61, 94]. As an example, the effect of laser power and scanning speed on 
the part’s roughness has been studied by Moussaoui et al. [95] (Fig. 4b). 

For as-built parts (i.e. not machined or blasted), the surface roughness is impor-
tant, and it is a cause of the deterioration of fatigue properties [98]. To reduce the 
detrimental effect of roughness and surface defects on the part’s mechanical proper-
ties, the metallic AM parts often are machined, sand-blasted, or polished to modify 
their surface roughness according to the application [4, 98–100].

Fig. 4 a Average surface roughness as a function of layer thickness for LPBF-ed Ti-6Al-4V 
samples. SEM micrographs of top surface structure [96]. b Effect of laser power and scanning 
speed on surface roughness of LPBF-ed Inconel 718 sample [95]. c SEM image showing balling 
effect on the surface of SLS-ed 316 SS samples [97] 
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2.4 Residual Stresses 

Residual stresses represent important part defects in metal AM. In laser-based AM 
processes, residual stresses are mainly formed because of high cooling rates and 
large thermal gradients. They have an impact on the mechanical properties, crack 
occurrence and deformation [61, 82, 100]. In a similar way to cracking, two mecha-
nisms have been identified for residual stress formation in LPBF. One is caused by 
thermal gradients due to the rapid heating of the surface and slow heat conduction 
throughout the part. Consequently, the deposited layer solidifies but is constrained by 
the underlying layers, which creates elastic compressive strains. The second mecha-
nism takes place during the cooling of the layer, when it shrinks because of thermal 
contraction. This shrinkage is restricted because of underlying cold layers, and this 
leads to tensile stresses [101]. The residual stress occurrence will then depend on 
the heating and cooling mechanisms. These mechanisms are influenced by process 
parameters such as the energy input, deposition strategy, and layer thickness [102]. 

2.5 Geometrical Defects 

Geometrical defects in metal AM parts are dimensional and geometrical deviations of 
the part compared to its CAD model. These deviations are mainly due to distortions 
(Fig. 5a, b) and delamination (Fig. 5c) caused by residual stresses. Delamination 
is a cracking due to the layer-by-layer manufacturing. Because of steep thermal 
gradients, the residual stresses created between layers can be higher than the bonding 
between layers and this leads to delamination [82]. The geometrical defects could be 
induced by unsuitable laser spot size or by the nature, thickness, and preheating of 
the substrate [103]. Indeed, Fu et al. [104] obtained smaller distortion on LPBF parts 
thanks to a fine laser beam because of its significant in-situ stress relief annealing. 
Besides, the choice of the substrate is important since a thick substrate will lead to 
more distortion. It has also been showed that preheating the base plate is an efficient 
way to effectively reduce the part’s distortions [105]. In addition, process parameters 
including the laser power, scanning speed, layer thickness, and scanning strategy 
influence the residual stresses and thus the distortions (Fig. 5d) [102, 106, 107].

2.6 Microstructure and Anisotropic Mechanical Properties 

AM metallic parts have textured columnar grain structures (Fig. 6), which leads to 
anisotropic mechanical properties. Thus, controlling the microstructure is a challenge 
for such processes, especially to fabricate high-quality parts for biomedicine. This 
microstructure is typical for AM process because of the layer-by-layer construction 
and heating of the part. When the part solidifies, the grains grow parallel to the
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Fig. 5 a Deflection of LPBF-ed 316 L cantilever samples. Comparison between conventional 
and micro-LPBF (cLPBF and μLPBF) processes [104]. b Corresponding distorted samples [104]. 
c Delamination of NiTi samples fabricated by μLPBF [103]. d Effects of laser power and scanning 
speed on the maximum deflection of maraging steel 300 samples made by LPBF [102]

maximal thermal gradient direction, which is generally oriented downward from the 
melt pool to the bottom surface. Therefore, the remelted grains of previous layers 
grow epitaxially along the build direction (BD) and become large columnar grains. 
Moreover, some crystallographic growth directions are preferred like the <100> 
direction along BD for face-centered cubic (FCC) metals because it is the least 
close packed. The crystallographic structures are strongly dependent of the melt 
pool dynamics and shape. The melt pool shape and dynamics are determined by 
process parameters, especially the key parameters, i.e. laser power, scanning speed, 
and scanning strategy [61, 95].

The typical microstructure of metal AM parts affects the mechanical properties, 
which are anisotropic. This anisotropy is observable when testing the fatigue life 
of the material or its tensile strength. Differences exist between samples extracted 
parallel and perpendicular to the BD. Tensile mechanical properties are often better 
along the direction perpendicular to the BD than along the direction parallel to the 
BD. This is caused by the columnar microstructure oriented along the BD, Amato 
et al. [111] showed that there are more grain boundaries perpendicular to the BD than
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Fig. 6 a SEM micrograph of LPBF-ed Inconel 718 sample showing columnar cellular microstruc-
ture with VED1 = 31.75 J.mm−3 [95]. b SEM micrograph of LPBF-ed Inconel 718 sample showing 
columnar cellular microstructure with VED = 61.2 J.mm−3 [95]. c EBSD images of LPBF-ed 316 
L samples along building direction [108]. d EBSD images of EBM-ed Inconel 718 samples showing 
columnar grains [109]. e EBSD images of EBM-ed Inconel 718 samples showing equiaxed grains 
[109]. f EBSD images of AlSi10Mg samples fabricated by LPBF. The melt pool borders are indicated 
by dotted black lines [110]

parallel to the BD. The anisotropy of mechanical properties can also be explained by 
the defect orientation (e.g. LOF defects) in the material. Vilaro et al. [112] correlated 
the presence of defects in the parallel direction to a lower elongation to fracture 
than samples in perpendicular direction. This anisotropy also concerns the fatigue 
properties of the parts where fatigue strength is higher in the perpendicular direction 
than in the parallel one [113, 114]. 

In a nutshell, metal AM is a suitable process for patient-specific biomedical 
devices such as implants. In this field of application, the parts manufactured should 
respect demanding characteristics such as biocompatibility, porosity, and mechan-
ical properties. Nevertheless, AM processes being usually very complex to master 
perfectly because of the numerous interrelated parameters and the strong influence 
of these parameters on part’s properties. Common defects such as undesired pores, 
cracks, roughness, or anisotropic mechanical properties occur with non-optimal 
parameters and process instabilities. These issues prevent the parts manufactured 
by metal AM from being used and implanted in the patient’s body. Thus, there is 
a serious need for a better control of the process during manufacturing. Instrumen-
tation enables to trace and monitor the parameters and physics impacting the part’s 
characteristics. Through these observations, it is possible to correlate the physical

1 In this study «VED» stands for Volumetric Energy Density, which is defined as the ratio between 
laser power and the scanning speed x the hatch distance x the layer thickness [95]. 
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phenomena and the material’s properties to better understand the process. This under-
standing is a key to manufacture defect-free high-quality parts meeting with the needs 
of the biomedical application. 

3 Needs for Process Instrumentation and Monitoring 

Instrumentation and monitoring of the metal AM processes are needed to better 
understand and control process physics and avoid the occurrence of defects. Instru-
mentation is a non-destructive experimental approach consisting of placing sensors 
in-situ (in the AM machine) to observe quantities in real time. The quantity to be 
detected by a sensor can be either an input (laser power, scanning speed…) or an 
output (melt pool geometry and temperature, distortion…). This instrumentation is 
used to trace a quantity during fabrication or detect the occurrence of a defect or an 
instability of the process. In metal AM processes, instrumentation and monitoring 
systems have been tested and are reported in literature. According to the physical 
quantity to be monitored, the suitable sensor and measuring technique vary. More-
over, a sensor is chosen because of other criteria such as its price, its dimensions, 
its weight, and its technical characteristics. Once the sensor is selected, it must be 
calibrated and placed in the fabrication environment either in contact or at a specific 
distance from the object. There are several limitations to the placement of a sensor 
in an AM machine: the space available to place the sensor, the constraints for the 
wiring between the sensor and treatment system, the presence of a laser and reflected 
laser beams, the high temperatures involved in some processes, the dust and smoke. 
Consequently, the positioning and protection of a sensor are critical to ensure a good 
observation and/or measurement without being affected by the process. Commonly, 
in-situ instrumentation uses thermal, optical, or acoustical techniques to observe and 
measure different quantities on the part or on the process variables. These techniques 
are also used to detect defects such as pores, residual stresses…According to what 
is going to be observed and/or measured by the sensor, the scale differs. Indeed, an 
observation/measure could be made at a microscopic (small representative volume), 
mesoscopic (track or group of tracks), or macroscopic scale (layers or entire part) 
[115]. 

3.1 Temperature Measurements 

Thermal techniques including thermography and pyrometry have been largely 
explored in literature for in-situ monitoring of metal AM such as LPBF. These 
techniques are contactless, non-intrusive, and non-destructive and can be used to 
measure surface temperatures or the temperature of the melt pool. Another thermal 
technique also used, usually to calibrate other sensors, is the use of thermocouples. 
They measure locally the temperature, in contact with the object. These methods are
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however still constrained to the placement of the sensors in the fabrication area, the 
complexity of calibration, and the challenges concerning data management. 

3.1.1 Thermography 

Thermography evaluates the thermal radiation emitted by the object. It is based on 
Planck’s law giving the relationship between the spectral emissive power per area 
emitted by a black body,2 the wavelength of observation and the body’s temperature. 
The measure is generally done for a specific spectral range given independently from 
the temperature range used. Planck’s law [116] is given by Eq. (1): 

Lλ(λ, T ) = 
2hc2 
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With Lλ the spectral radiance of the black body, h the Planck constant, c the speed 
of light in the studied medium, and kb the Boltzmann constant. From this equation, 
the radiance temperature can be deducted and is given by Eq. (2): 
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With C1 = 2hc2 
λ5 and C2 = 2h 

kbλ . 
In fact, there is proportionality between a black body and a real body which is the 

emissivity ε. The latter depends on the material, the temperature, the wavelength but 
also on the surface of the material (polished, oxidized, rough…) and the emission 
angle. In general, real objects emit a flux inferior to the black bodies’ flux. The 
following relation consequently exists: 

Lλ,real object (λ) = ε(λ, T ).Lλ,black body(λ, T ) (3) 

For this reason, it is essential to calibrate a contactless thermal sensor to take the 
emissive properties of the heated body into account. It will be shown that emissivity 
is the most common limitation in such thermal techniques. Thermography can be used 
to monitor the characteristics of the melt pool in metal AM such as LPBF and EBM. 
Determining the melt pool size and temperature is possible with thermography when 
choosing the right spectral range and position for the sensor. Price et al. [117] used an  
NIR camera (MCS640 Luma Sense, spectral range from 780 to 1080 nm) placed at the 
front side of an EBM machine to detect temperatures in the range of 600–3000 °C with 
a maximum frame rate of 60 Hz. The fixed value of 0.3 for the emissivity was chosen. 
Besides, two lenses were tested with different distances from the target. The camera

2 A black body is an ideal body, which absorbs the integrality of incident radiations and emits a 
radiation, which is equivalent to the one given by Planck’s law. 
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measured the temperature at each step of the process (powder spreading, preheating, 
contour melting and hatch melting). These observations enabled to determine melt 
pool dimensions and temperature profile across the melt pool center. 

One of the challenges of this study was the determination of the emissivity of 
Ti powders at high temperature since it has been assumed and thus led to only 
approximative temperature results. Krauss et al. [118] focused on the monitoring 
of the HAZ (i.e. solidified area close to the melt pool with temperature above 
1255 °C). For the LPBF processing of Inconel 718 parts, thermal imaging with a 
LWIR (Microbolometer detector Infractec Variocam, spectral range 8–14 μm, reso-
lution 640 × 480 pixels) camera was used. The camera was mounted outside the 
building chamber and inclined by a 45° angle from the build plate. This system 
enabled to acquire only a small section of the total building area. The evaluation 
of the circularity and aspect ratio of the HAZ could help detecting deviations and 
drifts in the scanning unit. Bayle et Doubenskaia [119] used a FLIR (Phoenix RDAS, 
spectral range 3–5 μm, resolution 320 × 256 pixels) camera in a LPBF process to 
monitor the HAZ temperature. The camera was installed in the LPBF furnace. This 
system enabled to have an estimation of the stability of the melting process via visual 
inspection. Indeed, the authors could obtain information about phenomena occurring 
during process such as droplet formation and removal in the laser-powder interaction 
zone. 

Measurement of surface temperature via thermography for in-process monitoring 
in LPBF and EBM has also been studied. Rodriguez et al. [120] installed a FLIR 
camera (FLIR SC645, FLIR Systems Inc., resolution 640 ×480 pixels) with a temper-
ature range up to 2000 °C into an EBM machine. The camera was positioned above 
the build chamber, behind a ZnSe viewing window (Fig. 7a). The IR images were 
captured after the melting step to measure surface temperature profiles of each layer. 
The authors developed a procedure for the emissivity measurement of Ti-6Al-4V 
and a thermal model to determine the factors influencing the view of the machine’s 
thermal enclosure for the IR camera. The temperature was calculated from the powder 
bed’s emitted radiations and some discontinuities caused by over-melting could be 
observed. 

Fig. 7 a Experimental thermography setup for the EBM process adapted from [120]. b Experi-
mental thermography setup for the LPBF process adapted from [122]



5 Instrumentation and Monitoring of Additive Manufacturing Processes … 89

Wegner et Witt [121] implemented an IR imaging system to measure the distri-
bution of surface temperature and the temperature of the molten material during the 
SLS process. MWIR cameras (InfraTec Jade III, resolution 320 × 240 pixels, spec-
tral range 3–5 μm) with a maximum temporal resolution of 700 Hz were installed in 
two different ways above the building area. The first camera to measure the temper-
ature distribution on the surface replaced the xy-scanner head with an angle of 5° to 
the building surface. The second setup was placed next to the scanner head with an 
observation angle of 23° and could measure the melt pool temperature while the laser 
is working. The authors carried out experiments on the radiant heaters’ temperature 
and studied the influence factors on the homogeneity of the surface’s temperature. 
Williams et al. [122] also used a FLIR (A35) IR camera (resolution 320 × 256 pixels) 
located in an aluminum box and viewing through a germanium window in the LPBF 
process (Fig. 7b). The camera is positioned with an angle of 66° from the build plate 
and images are recorded at a rate of 60 Hz during the whole process. The surface 
temperature is measured during the build process part way through on layer. These 
measurements enabled to correlate layer temperature with final part’s microstructure 
and defect occurrence. 

One application of thermography as an in-process monitoring technique is the 
detection of defects during manufacturing. Dinwiddie et al. [123] placed a FLIR 
MWIR camera (SC8200) in front of the EBM machine’s window equipped with a 
shutter. When this shutter is open, metallization occurs and the transmission through 
the window is reduced, which complexifies the calibration of the IR system. More-
over, the position of the camera reduces the spatial measurement area and hinders the 
focus from front to back. Because this shutter prevents the operators from measuring 
properly with their IR system, they decided to replace it by a film and explored another 
solution with a protective mirror. Thanks to their setup, the authors could measure 
the width of the electron beam and detect an over-melting phenomenon during the 
preheating phase. Eventually, the continuous IR camera monitoring enabled to detect 
porosity caused by insufficient energy input and unmolten powder. With their setup 
composed of a LWIR camera, Krauss et al. [118] could detect artificial flaws and 
pores by measuring the temporal evolution and spatial distribution of the total irra-
diance during the making of a new layer. Thanks to the thermography imaging and 
the linear profile of the spatial irradiance after exposure and during solidification, 
flaws with diameter >100 μm could be detected. Lastly, thermography was used by 
Schwerdtfeger et al. [124] during EBM to measure build height and detect flaws 
during construction. They positioned a FLIR camera (A320, resolution 320 × 240 
pixels) alongside the electron beam gun with an angle of 15° to the powder bed and 
protected by a ZnSe window. 

3.1.2 Pyrometry 

A pyrometer is composed by a lens connected to electronics via an optic fiber. It 
converts a radiation into an electric signal and indicates, without contact with the 
object, its temperature in a specific spectral range. Like other thermal methods,
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Fig. 8 a Laser spot size 1 and pyrometer view field for remelted track in LPBF. b Powder layer 
with an irregularity of powder thickness in the two first tracks. c Evolution of the pyrometer with a 
zoom on the irregularity area. Adapted from [125] 

the measure made by a pyrometer depends on the material’s emissivity and varies 
with its temperature and surface. A classical pyrometer indicates the temperature 
thanks to the measure of a radiation in a spectral range which allows to get the 
emissivity value. Multi-wavelength pyrometers make the ratio between two energies 
at two different wavelengths considering that the emissivity varies thinly between 
both. Pavlov et al. [125] mounted a two-wavelength pyrometer (InGaAs photodiodes, 
wavelengths 1.26 μm and 1.4 μm, bandwidth of 100 nm) coaxially to the laser beam 
of a LPBF machine. The surface temperature was monitored in a temperature range of 
900–2600 °C. In this study, the diameter of the view field of the pyrometer is 560 μm 
while the laser spot diameter is 70 μm (Fig. 8a). With this setup, the authors studied 
three cases: (1) time variance of the pyrometer during multiple tracks scanning; 
(2) effect of the layer thickness on the pyrometer’s signal; and (3) effect of hatch 
spacing. They found that the signal acquired by the pyrometer is sensitive to process 
parameters and could be used as an online quality control during manufacturing 
(Fig. 8b, c). 

Furomoto et al. [126] studied the consolidation of metal during LPBF thanks to 
a two-wavelength pyrometer (InAs and InSb detectors) combined with a high-speed 
camera. The pyrometer was equipped with a germanium optical filter with a 1 mm 
thickness to cut wavelengths <1600 nm. The temperature range for this pyrometer was 
400–2200 °C. The surface temperature during consolidation was measured and the 
detection was immediate when the laser beam reached the pyrometer’s laser spot. The 
temperature measured by the pyrometer shows a tendency as a function of the energy 
density. This system could follow the surface temperature during consolidation but 
without the view of the melt pool behavior, real-time interpretation of the data was 
not possible. Bayle et Doubenskaia [119] combined their IR camera measurements 
with the measurements from a coaxial pyrometer (spectral range 1.001–1.573 μm) 
with a temperature range of 1100–3500 °K. The measurements from the pyrometer 
allowed to observe the influence of heat accumulation on temperature distribution 
and they can be used to ensure the process stability.
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3.1.3 Thermocouples 

Thermocouples measure locally the temperature of an object they are in contact 
to. When two materials of different thermoelectrical properties are in contact, there 
is a potential difference that appears at the junction, and it is proportional to the 
temperature. It is then possible to determine the junction’s temperature. As said 
previously, thermocouples are easy to position and cost-efficient. They are often used 
to calibrate other thermal sensors such as pyrometers and IR cameras. In the work 
of Rodriguez et al. [120], thermocouples were used as validation tools to compare 
the IR camera’s measures to the temperature measurement of the thermocouples. 
The EBM-ed parts were fabricated on the thermocouple while acquiring IR images 
which allowed to verify the solid emissivity of the material. Williams et al. [122] 
also used thermocouples to calibrate a thermal imaging device for the monitoring 
of LPBF. Shishkovsky et al. [127] inserted different types of thermocouples into the 
powder bed for the SLS process to measure the temperature distribution near the 
laser-sintering zone. The thermocouples located on the periphery of sintering did 
not show high absolute values. The thermocouples signal strongly depends on their 
localization in the powder bed. This method could help the authors to understand the 
behavior of specific materials during SLS and they wanted to use thermocouples as 
indicators of the process for the fabrication of Functionally Graded Materials (FGM). 

3.1.4 Imaging with CCD Cameras 

CCD (Charge-Coupled Device) sensors in high-speed cameras consist in a thin silicon 
layer divided into pixels (each pixel is a semi-conductor). When this layer is exposed 
to light, an electrical charge is converted into a numerical image. After exposure, 
each pixel cell is amplified one by one until the entire matrix is converted. The 
advantage of CCD sensor is its high sensitivity and the fact that it does not require a 
specific lighting source and does not respond to specific radiations. Thus, this type of 
sensor is largely used in processes involving a laser source such as LPBF. Yadroitsev 
et al. [128] processed the signal from a CCD sensor (resolution 782 × 582 pixels) 
positioned coaxially to the laser in LPBF to measure the temperature distribution in 
the melt pool. The software used was developed in DIPI laboratory (ENISE, France). 
The brightness temperatures were measured at the wavelength of 0.8 μm and for 
1873 K, the maximum error was about ±25 K. The brightness temperature could 
be obtained along the laser scanning direction and the true temperature of the melt 
poll was confronted to the irradiation time and laser power. This method enabled to 
correlate the maximum melt pool temperature to scanning parameters and the part’s 
microstructure. 

In this section, temperature measurement instrumentation for metal AM has been 
described. The focus was on LPBF and EBM processes, which are the common 
processes used in the biomedical field. There are several techniques and sensors for 
temperature measurement. They are broadly studied in laboratory scale to observe in 
real-time surface temperatures, melt pool temperature and can give access to other
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information such as defect occurrence. However, thermography is still confronted to 
the emissivity issue, which prevent the results from being precise. Emissivity differs 
with several parameters and during the process, and most of the studies do not take 
that into account. In coaxial systems, spectral aberrations can hinder the results as 
well as dust and debris produced during AM. Another challenge is also the real time 
and fast data processing and image treatment. 

3.2 Geometrical Measurements and Visual Inspection 

Geometrical measurements during metal AM consist in determining geometrical 
features at different scales such as the geometry and dimensions of the melt pool, 
the layer, or the entire part. Other sensors based on imaging will be used as visual 
inspection tool to check on the process stability and detect defects or errors during 
manufacturing. 

3.2.1 Imaging with CCD Cameras 

Yadroitsev et al. [128] used the installed CCD sensor (resolution 782 × 582 pixels) 
to measure the width of the melt pool by capturing view of the tracks. These data 
were correlated to temperature changes versus parameters. Kleszczynski et al. [129] 
used a monochrome CCD camera (Kodak 29 megapixel, resolution 6576 × 4384 
pixels) for visual detection and error analysis during LPBF process. The camera 
was positioned in front of the fabrication area window with an angle from the build 
plate. Perspective distortion was corrected by a tilt and shift lens. The CCD camera 
helped to detect process errors such as balling, insufficient powder supply, support 
connection, or support. With these errors, the process could be demolished and must 
be stopped. Besides, this visual inspection tool can help to detect errors affecting the 
part’s quality like recoater damage, poor compound, dimensional inaccuracy. This 
system enables an observation of the powder bed while processing and could be used 
to better control the geometrical accuracy of the parts. 

3.2.2 Imaging with CMOS Cameras 

CMOS sensors (Complementary Metal Oxide Semiconductor) convert the charges 
of each pixel into a voltage which is transmitted as a numerical signal. On CMOS 
sensors, each pixel is an amplifier that makes them faster than CCD with better 
contrast. For a visual inspection of the powder deposition in the LPBF process, 
Craeghs et al. [130] installed a CMOS camera coupled with a photodiode. The 
radiation emitted by the melt pool is transmitted to a beam splitter through a F-θ field 
mirror and semi-mirror to the photodiode and CMOS sensor. The latter collects the 
melt pool characteristics such as its area, length, and width. The implemented system
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was tested for the detection of wear and local damage of the coater blade, monitoring 
of defects such as balling and overheating and process errors. To obtain the images 
of the melt pool with this setup, Field Programmable Gate Array (FPGA) chips were 
used for very fast and real-time image processing. The gathered information about 
defects and melt pool characteristics during processing can be used to control the 
process quality. 

To get spatial information of the melt pool, Mazzoleni et al. [131] chose a 
compact industrial CMOS camera (Ximea xiQ—USB3 Vision Camera, MQ013xG-
ON model) that was placed coaxially to the laser in LPBF via a dichroic mirror 
(reflective between 400 and 1000 nm). It was equipped with a short-pass filter at 
1000 nm, a bandpass filter in the visible range at 650 nm, and a long-pass filter in the 
NIR range between 850 and 1000 nm. This sensor had a sufficient temporal and spatial 
resolution to observe the melt pool dynamics and spatter ejections. The challenge 
encountered was the NIR band reaching the sensor. Craeghs et al. continued their 
research on that topic [132]. In addition, Abdelrahman et al. detected fusion defects 
of the powder bed with optical imaging thanks to a 36.3-megapixel CMOS camera 
(Nikon D800E, resolution 7360 × 4612 pixels) placed inside the LPBF machine. 
Six images are captured in five different locations after layer exposure and after 
powder recoating, one image is captured using flashes. The CMOS camera was used 
to detect post-powder-recoat and post-laser-scan anomalies. After post-processing 
of the images, the 3D indexing method was utilized and proved the efficiency of this 
visual system. 

3.2.3 X-ray Imaging 

Zhao et al. [133] used high-speed X-ray imaging and diffraction techniques during 
LPBF to have information on melt pool size and shape, powder ejection, solidi-
fication, and phase transformation. A short-period (1.8 cm) pseudo pink beam is 
generated by an undulator with a first harmonic energy of 24.4 keV. The X-rays 
penetrate the sample from the side and the detectors are placed about 300 mm down-
stream from the sample. This technique enables to follow the powder bed fusion 
processes by X-ray dynamic imaging. The spatial and temporal resolution of this 
method is unprecedented giving an observation of critical phenomena. This could 
help understanding defect formation and help the process optimization. Leung et al. 
[134] also used in-situ X-ray imaging of LPBF to capture thermophysical phenomena. 
They obtained radiographs during the process, and they could observe the melt pool 
morphology and defect occurrence such as spattering, formation of denuded zones. 
Similar study has been realized by Calta et al. and Uhlman et al. [135, 136].
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3.3 Other Quantities 

Aside from the temperature, geometrical features, and visual aspects, other quantities 
can be measured and observed during LPBF and EBM. The following studies are 
specific cases either focusing on an original quantity or involving techniques that are 
still sparse in literature. 

3.3.1 Acoustic Signatures 

Acoustic emission sensors have been utilized recently in AM because they show 
similar trend than with conventional metal components. The frequency response has 
been proven to be a strong indicator of the weld quality being correlated to defect 
formation [137] or crack propagation [138]. This method is increasingly becoming 
important for non-destructive in-situ observation of metal AM since it is worth of 
investigation regarding the geometrical complexity of LPBF-ed parts [139, 140]. 

3.3.2 Residual Stresses 

As developed in the first part of this chapter, residual stresses are common defects 
favorizing failures and hindering mechanical properties of AM parts. Investigations 
on the detection of residual stresses in process have been done in literature and gave 
consistent results. Van Belle et al. [141] mounted a strain gauge rosette under the 
build plate and monitored the variation of the gauge during processing. The residual 
stress corresponding to elastic bending was extracted from these measurements. This 
method enabled to estimate the maximum residual stress on the last molten layer and 
still needs to be compared to numerical simulation. Furthermore, Shiomi et al. [142] 
used the same technique in SLS to observe strain changes in the build plate. They 
could analyze the residual stresses evolution during fabrication. 

3.3.3 Defects’ Detection 

To detect defects such as pores during fabrication, radiography has already been 
tested in metal AM. The radiation energy passing through the material allows to 
form an image where the areas where the defects are located are missing [143]. 
Moreover, eddy current testing can detect surface and subsurface defects thanks to a 
local change of the electrical conductivity [139]. Schwerz et al. [72] used a CMOS  
sensor during LPBF to study spattering and its relationship with internal defects. In 
this part, needs for instrumentation and monitoring in metal AM processes have been 
exposed. A literature review of existing techniques for physical quantity observation 
via process instrumentation has been done. Temperature measurements and visual 
inspection studies are prominent for the LPBF and EBM processing since there is a
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significant constraint of the sensor positioning in/near the fabrication area. Moreover, 
the instrumentation explored in the previous section generally focuses on one physical 
quantity to be correlated to part’s quality and/or process parameters. The complexity 
of metal AM comes from the numerous and interrelated parameters, which are all 
related to process signatures and induced part’s properties. Thus, monitoring of a 
single quantity leads to important limitations to understand and further control the 
process. A novel field of interest has been the multi-physics or multi-scale, multi-
sensor approaches for the instrumentation and monitoring of metal AM. This new 
method is sparse in literature but allows a deeper understanding of the processes. 

4 Multi-sensor Approach for AM Process Monitoring 

Chivel [144] combined a CCD camera with a pyrometer in LPBF to observe the 
sintering/melting behavior of the layers and the melting of a 3D object. The temper-
ature of the irradiation zone was measured with the high-speed CCD sensor and 
the maximal color temperature with the pyrometer. This two-sensor system allowed 
the author to correlate the overheating phenomenon with the loss of stability of 
the molten layer. Additionally, the melt pool penetration into loose powder mecha-
nisms has been identified. Islam et al. [145] have also used a combined system in 
LPBF consisting of a pyrometer (TCS Laser-Technik) with a CMOS camera with a 
diode laser illumination. The pyrometer laser spot was larger than the process laser 
spot. To protect the sensors, a shielding glass was utilized and led to errors in the 
measurements that had to be considered. With this method, the authors could obtain 
temperature profiles and image analyses with different parameters. The combination 
of the two sensors enabled the detection of balling effect for specific temperatures 
and process inputs. Hirvimäki et al. [146] combined a CCD spectrometer (Ocean 
Optics HR2000+) with a pyrometer (TCS Thyssen Laser-Technik, spectral ranges 
1200–1400 nm and 1400–1700 nm) and an active illumination system (Cavilux HF 
with Baumer camera and dichroic window) in LPBF. The spectrometer was used to 
study the effect of process parameters on the radiation. The pyrometer was used to 
measure the temperature distribution with changing parameters. The active illumi-
nation system gave visual information according to the process parameters. Each of 
these three methods presented advantages and drawbacks given in Table 2.

For laser cladding, Liu et al. [147] implemented a multi-sensor instrumentation 
composed of a high-speed CCD camera, a pyrometer, and an IR camera (FLIR Ther-
movision A40). The pyrometer was used to measure the brightness temperature of 
the melt pool and the IR camera measured the melt pool size, temperature distri-
bution, and the cooling rate with different process parameters. This system enabled 
the study of mass and heat transfers during processing. Lane et al. [148] chose to 
combine a thermal camera with a high-speed visible camera and a photodiode for the 
LPBF process. Images from the photodetector and the camera were simultaneously 
merged to better understand the melt pool behavior. The authors noted a strong rela-
tionship between the photodetector signal and the location and motion of the melt
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Table 2 Advantages and drawbacks of the tested sensors [146] 

Sensor Advantages Drawbacks 

CCD spectrometer • Spectral range from 200 to 
600 nm 

• Emission intensity for the 
whole range at the same time 

• Good resolution (about 
0.035 nm) 

• Can be used to find single 
emissivity peaks 

• Sensitivity to disturbance 
• Fairly slow integration time 
• Lots  of  data  

Pyrometer • Short integration time (about 
2.5 ms) 

• High temperature (about 
1500 °C) 

• Not significantly affected by 
lighting conditions 

• Generally, too large equipment 
• Only measures the 
temperature 

Active illumination system • Can detect defects such as 
cracks, shrinkage, bending… 

• Can obtain more information 
about the melt pool 

• Lots  of  data  
• Expensive 
• Difficult to place

pool according to the scan strategy. Nevertheless, they concluded that a filtering or 
processing of the signal spot detector’s signal would need the spatial coordinates 
of the laser spot to differentiate the periodic behavior of the scan strategy from the 
occurrence of a defect. 

In addition to the several instrumentation and monitoring methods tested for LPBF 
and EBM processes, it is necessary to mention methods implemented for other metal 
AM processes, even if they are rarely or not used in the biomedical field. Direct 
Energy Deposition divided into Wire-Arc Additive Manufacturing (WAAM) and 
Laser Metal Deposition (LMD) are often instrumented for the same reasons as LPBF 
and EBM, but the placement of sensors in the fabrication area in DED is usually 
easier. Indeed, for WAAM and LMD, building chambers are bigger and since they 
are not powder-bed processes, characteristics of the built part can be observed directly 
during fabrication. Like LPBF and EBM, thermal and geometrical quantities are the 
most observed. Thermal quantities in DED can be measured by pyrometry [149– 
152]; by thermocouples [153, 154]; with photodiodes [155]; by thermal imaging 
[156–161]. For the observation of geometrical quantities in the DED process, high-
speed cameras have been used [159, 162–171] as well as profilometers [172–175]; 
displacement sensors [176] but also thermal sensors [155]. A particularity of DED 
processes is the ability to follow some of the built part’s properties in-process and 
during manufacturing. Distortions [153, 177, 178], surface characteristics [155], 
defects occurrence [179–181] can also be measured. Furthermore, multi-sensing 
systems are consequently more easily installed in DED machines. Xu et al. [182] 
created a multi-sensor instrumentation for the WAAM process. They combined an 
IR sensor, oxygen content sensor, an arc current and arc voltage sensor, a gas flow 
sensor, a feed speed sensor, and a laser profilometer. This system enables the heat
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monitoring, the bead geometry control, and the environmental monitoring. Chabot 
[172] implemented a multi-sensor instrumentation for the WAAM process for a 
global multi-physics monitoring. 

5 Conclusions and Perspectives 

This chapter introduced the instrumentation and monitoring for additive manufac-
turing processes in the biomedical applications. In the recent years, the demand 
for patient-specific implants and surgical tools has increased and novel more effi-
cient manufacturing is emerging. AM is a suitable and interesting manufacturing 
technique in biomedicine for its rapidity and its freedom of design. Depending on 
the application, several materials are additively manufactured such as polymers, 
ceramics, or metals. The focus of this study has been made on metal AM and espe-
cially LPBF and EBM, which are the most used processes in biomedical applications. 
The metal implants fabricated by AM must meet with specific and demanding criteria 
concerning their structural and mechanical properties. Nonetheless, the complexity of 
metal AM, involving numerous interrelated parameters all related to process physics 
and part’s properties, prevents this method from being used intensively at an indus-
trial scale. Common defects such as pores, cracks, distortions, and surface roughness 
are detrimental for the fabricated implants. To better understand the process charac-
teristics and physics, instrumentation and monitoring have been studied. Instrumen-
tation consists in installing sensors in the building area to observe and/or measure 
during the process the inputs (process parameters), physical quantities or outputs 
(part’s characteristics). There are several sensors to be used to study a specific quan-
tity during a metal AM process. The measure can be done at different scales from the 
scale of the melt pool to the scale of the powder bed. Efficient and relevant instru-
mentation has been developed to follow thermal quantities or for visual inspection 
of LPBF and EBM. Other promising new methods are emerging such as acoustic 
emission sensing or in-situ X-ray imaging. The positioning of a sensor involves its 
placement in the fabrication environment, its calibration, the signal acquisition, and 
post-processing. Limitations at each step of this installation have been highlighted 
in literature. Since the elements are correlated to each other in metal AM processes, 
a single sensor instrumentation rapidly appears to be limited for a good and consis-
tent exploitation of the monitoring. Thus, multi-sensor instrumentations are recently 
experimented to have a deeper understanding of the processes. Instrumentation and 
monitoring have the perspective of implementing a closed-loop control system into 
the AM machine making it possible to control and adjust the process parameters 
to control the deposition in real time. In addition, data from monitoring can be 
used to feed process simulation models. Simulation and experimental results can be 
compared to further investigate the process variables and predict the defect occur-
rence and instabilities. This field of research aims to correct in real time the eventual 
failures to save time, expense, and material by avoiding intensive part machining, 
post-treatment or avoiding the fabrication of a new component.
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Chapter 6 
A Concise Study on Tribological 
Properties of Additive Manufactured 
Biomaterials 

Jasjeevan Singh, Amit Mahajan, Atul Agnihotri, and Ruchi Handa 

1 Introduction 

The process of creating an object one layer at a time is known as AM. It is the 
inverse of subtractive manufacturing, which involves cutting away at a solid block 
of material till the finished product has been produced entirely. Technically, addi-
tive manufacturing can refer to any process that creates a product by building it 
up, such as molding, but it most commonly refers to 3D printing. Campbell et al. 
[1] define AM as the development of parts through layer-by-layer builds [1]. Guo 
and Leu [2] found that AM-based processes have been widely used in the biomed-
ical, aerospace, and automotive industries since their inception [2]. In recent years, 
AM has evolved quickly. Major industrial companies that are looking for ways to 
improve their products have embraced it. The ability to produce near-instant parts 
and fully custom designs that are not possible with other manufacturing techniques 
has increased investment and research in additive engineering. AM is used to create 
lighter, stronger parts and systems in a much more efficient manner. It has applica-
tions in a variety of industries, including Jewelry production, dental and orthopedic 
implants, tool repair, health care, etc. AM is also used to redesign and re-manufacture 
various surgical instruments. Figure 1 depicts the various materials and body part 
implants that can be created using additive manufacturing [3].
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Fig. 1 Common metal implants [3] 

2 Tribology in Joint Replacement of Humans 

Many biomedical applications rely on tribological properties such as wear, friction, 
and lubrication. It is critical to choose implant materials with low friction properties, 
especially for parts of medical implants that are exposed to aggressive wear and 
abrasion against human tissues. The potential for tribology facets and applications in 
the biomedical field for the improvement of human health is expanding and attracting 
the attention of researchers. Biomaterials are materials that can treat, evaluate, or 
replace a tissue or organ in the body. Metals, glass, ceramics, and polymers are 
among the biomaterials that are widely used in biomedical applications. Human 
prosthesis implants such as the hip, elbow, ankle, shoulder, wrist, fingers, and knee 
are just a few of the key applications for these biomaterials. 

Synovial joints are the most common type of joint found in our bodies. They 
are the ball and socket joint, the pivot joint, the condyloid joint, the hinge joints the 
planar joint, and the saddle joint. These joints allow a person to perform a wide range 
of movements while using the least amount of energy. The presence of an articular 
cavity filled with synovial fluid performs a lubricating function. As a result, friction 
and wear at the articular surfaces are reduced significantly, which is critical for the 
joint’s long-term health. An orthopedic implant is a medical device that is used to 
replace a bone, joint, or cartilage that has been damaged or deformed. For example, 
a patient may require an implant because of a congenital disability, the loss of a limb,
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or the breaking of a leg. The implant aids in bone fixation and may be used to replace 
articulating surfaces in various joints throughout the body. A patient may have pain 
in joints and bones that need to be repaired, and the implant is used to strengthen 
or completely replace the joints in the damaged bones or regions. Fixtures such as 
screws, micro-clips, plates, and stabilizing devices are common examples of such 
implants [4]. They are primarily used to join or secure different sections of bones or 
ligaments. The tribological properties are critical to the performance and lifespan of 
biomedical implants. The wear resistance of implant materials is influenced by their 
tribological properties. Low wear rates are preferable because they reduce the release 
of wear debris, which can cause adverse biological responses and lead to implant 
failure. Excessive friction can result in implant discomfort, pain, and tissue wear. 
Proper lubrication, whether via synovial fluid in joint replacements or bio-lubricants 
in other implants, is critical for reducing friction, minimizing wear, and maintaining 
implant function. An implant’s tribological properties can affect its biocompatibility, 
which refers to the implant’s capacity to coexist with surrounding biological tissues 
without creating negative effects. The majority of commercially available fixtures 
are made of titanium, stainless steel, and cobalt chromium alloys [5–7]. 

3 Tribological Characteristics of Additively Manufactured 
Biomaterials 

3.1 Stainless Steel 

Stainless steel (SS) is a biomedical material that is widely used in the fabrication of 
cardiovascular stents/valves, dentistry, craniofacial surgery, orthopedic prostheses, 
and otorhinology applications because of reasonable cost, malleability, the conve-
nience of fabrication as well as resistance to corrosion and fatigue. Bartolomeu et al. 
[8] investigated the impact of three additively manufactured methods, viz., selective 
laser melting, hot pressing, and traditional casting upon the morphology, mechan-
ical properties, and tribological characteristics of an austenitic 316L stainless steel. 
The outcomes of their study demonstrated that SLM fabricated 316L SS had better 
mechanical characteristics as well as tribological features as compared to hot pressing 
and conventional casting 316L SS alloy. Figure 2 shows an SEM image of the core 
region of the wear tracks that developed when 316L SS specimens were subjected to 
wear tests against an alumina ball while diluting with PBS fluid using the casting, HP, 
and SLM methods. It shows the SLM substrate had a narrower wear track, revealing 
less alumina ball penetrating. Zou et al. [9] reinforced the 316L stainless steel with 
silicon carbide via laser powder bed fusion (LPBF) additive manufactured technique 
and examined the wear characteristics and strength of the alloy. According to their 
findings, the modified alloy demonstrated improved strength and wear character-
istics of the alloy. Yazici et al. [10] considered the selective laser melting (SLM) 
and plasma nitriding techniques to provide titanium and titanium nitride coating on
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Fig. 2 SEM images of wear track: a Casting; b Hot Pressing; c Selective Laser Melting 

316L stainless steel alloy. They claimed that modification of alloy had improved 
morphology, and mechanical and tribological characteristics. 

3.2 Titanium and Its Alloys 

Although pure Ti has good structural properties, its low mechanical properties and 
wear resistance limit its use. Ti alloys have poor resistance to abrasion, and the oxide 
film on the surface is prone to peeling off during contact friction, accelerating abra-
sive particle wear on the joint surface. Biomedical Ti6Al4V is a Ti alloy with a wide 
range of applications because of its superior biocompatibility, corrosion resistance, 
and mechanical properties. It is commonly used in artificial hip and knee replace-
ments [11]. Attar et al. [12] examined the microstructure, mechanical properties, and 
wear parameters of laser powder bed fusion (LPBF), laser-engineered net shaping 
(LENS), and wire and arc additive manufacturing (WAAM) made commercially pure 
titanium. When compared to other AM techniques, it was shown that the titanium 
substrate built using LPBF had improved mechanical qualities, morphology, and 
wear characteristics. However, compared to conventional production methods, all 
of these AM substrates produced better results. SEM image of wear appearances 
of LPBF manufactured titanium specimen is represented in Fig. 3. Similar to this, 
Santos et al. [13] created the Ti–6Al–4 V alloy using the LPBF additive manufac-
turing method. They also used plasma electrolytic oxidation (PEO) to modify the 
alloy’s surface, and they looked at how well the alloy substrate withstood wear. They 
claimed that compared to uncoated alloy substrate, AM substrate treated by PEO 
showed enhanced wear resistance.

3.3 Co–Cr and Its Alloys 

Co–Cr–Mo alloys are the most widely used bearing materials in artificial hip and knee 
joints, as well as artificial intervertebral discs. Plecko et al. [14] explored the osseoin-
tegration of various metals. The findings revealed poor osseointegration, even less
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Fig. 3 SEM images of wear appearances of the titanium specimen constructed by LPBF

than that of stainless steel, introducing a new limitation for Co–Cr alloys. The find-
ings revealed poor osseointegration, even less than that of stainless steel, introducing 
a new limitation for Co–Cr alloys. Figure 4 depicts a bone section’s fluorescence 
and toluidine blue dye after the screw implant has been removed. The figure depicts 
lower new cells created at the interface of a Co–Cr implant (the grey color reflects 
old bone cells and the blue color reflects newly formed cells). 

Mantrala et al. [15] investigated the electrochemical performance, tribological 
properties, morphology, and microhardness of the produced alloy and explored the

Fig. 4 Bone sections after screw implants have been removed. a Co–Cr alloy; b Stainless steel 
[14] 
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laser-engineered net shaping (LENSTM) technology for the development of Co–Cr– 
Mo alloy. They came to the conclusion that the substrate created with a stronger laser 
had better tribological and corrosion resistance responses. Amanov [16] used ultra-
sonic nanocrystals (UN) to modify the surface of LPBF-built Co–Cr–Mo alloy both at 
room temperature (AT) and at high temperature (HT). The properties of tribology and 
tribocorrosion on the altered surfaces were examined. When compared to untreated 
and treated substrates at ambient temperature, the LPBF substrate altered at high 
temperature demonstrated higher tribocorrosion and wear resistance properties. 

3.4 Magnesium and Its Alloys 

Due to their superior mechanical and thermal characteristics, biodegradable mate-
rials like magnesium (Mg) and its alloys are a compelling candidate for orthopedic 
and cardiovascular applications. Additive manufacturing of magnesium and its alloys 
has drawn tremendous attention as an approach to resolving problems with existing 
procedures and technologies. By using the LPBF approach, Chung et al. created the 
pure magnesium specimen and examined the mechanical properties of the built-up 
substrate. Their research revealed that the mechanical properties of the synthetic 
substrate were very similar to those of real human bones. The porous Mg (WE43) 
scaffolds were created using the LPBF technique of AM by Li et al., who also 
looked at the scaffolds’ mechanical properties, in-vitro biodegradation rate, and 
biocompatibility. They discovered that the created scaffold’s mechanical proper-
ties matched those of trabecular bone exactly. The AM porous WE43 Mg scaffolds 
showed outstanding biocompatibility and biodegradation responses. 

3.5 Ceramic and Amorphous Alloy 

Ceramic components or products used in medical and dental applications, primarily 
as implants and replacements, are known as bioceramics. Alumina, hydroxyapatite, 
zirconia, bioactive glass, glass ceramics, restorable calcium phosphates, and other 
materials are examples of bioceramics. Because of their high biocompatibility, low 
cytotoxicity, and high corrosion resistance, bioceramics have a high potential for use 
in scaffolds and bone transplants for the treatment of fractured and damaged bones 
[17, 18]. Further, amorphous phase alloys, also known as Bulk Metallic Glass (BMG), 
are currently attracting interest because of their outstanding mechanical characteris-
tics and excellent wear and corrosion behavior. Rapid cooling and solidification of 
alloy melt produce an amorphous alloy, also known as metallic glass. BMGs have 
outstanding biological properties such as wear resistance, high strength, and corro-
sion resistance. As a result, Fe, Ti, and Zr-based BMGs are potential replacements 
for crystalline stainless steel, Zr, Ti, and alloys.



6 A Concise Study on Tribological Properties of Additive Manufactured … 113

A variety of additive manufactured methods and techniques can be used to improve 
the friction and wear properties of metallic biomaterials. Many biomedical modifi-
cation technologies have been developed or are in the process of being developed. 
Despite recent advances, there is still much space for growth and improvement in 
this field. 

4 Conclusions 

The current paper presents a concise review of the tribological properties of additive-
manufactured bioimplants. The study concluded that additively manufactured bioma-
terials had improved tribological characteristics. However, some more studies are also 
required that investigate some other aspects such as biocompatibility and osseointe-
gration of biomaterials. Furthermore, researches on surface modification of additive-
manufactured biomaterials are limited. More in vivo research on AM biomaterials 
and their alloys is also necessary to recognize the clinical use of these biological 
assets. 
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Chapter 7 
Role and Scope of OEE to Improve 
Additive Manufacturing Processes 
in Biomedical Industries 

Sandeep Singh, Davinder Singh, Mahesh Gupta, Bhupinder Singh Chauhan, 
and Jasjeevan Singh 

1 Introduction 

Overall Equipment Effectiveness (OEE) is a metric used to evaluate the efficiency of 
manufacturing processes. It considers three components: availability, performance, 
and quality. The implementation of OEE in additive manufacturing processes in the 
biomedical industries can help improve the efficiency and quality of production, 
leading to cost savings and improved patient outcomes [1–4]. Here are some steps 
to implement OEE in additive manufacturing:

. Define the scope of the analysis: Determine the machines and processes to be 
analyzed, as well as the specific components of OEE that will be measured. For 
example, if a company wants to analyze a 3D printer used to produce surgical 
implants, they may focus on availability (how often the machine is running), 
performance (how efficiently it is running), and quality (how many defective 
parts are produced) [4–6].
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. Collect data: In order to calculate OEE, data needs to be collected on machine 
uptime, speed, and quality. This can be done manually or through automation using 
sensors and software. Data collection should be continuous to provide real-time 
feedback [4].

. Analyze the data: Use the collected data to calculate OEE for the defined scope. 
Identify areas of low OEE and investigate root causes. This can help identify 
specific areas for improvement [5, 6].

. Implement improvements: Based on the analysis, make improvements to increase 
OEE. This may include maintenance, machine upgrades, process changes, or 
training for operators. It is important to track the impact of improvements on 
OEE [1, 7].

. Continuously monitor and adjust: Once improvements have been made, continue 
to monitor OEE to ensure that improvements are sustained. Adjustments may 
need to be made to maintain or further improve OEE [1, 7].

. By implementing OEE, companies in the biomedical industry can improve their 
additive manufacturing processes, leading to increased efficiency and improved 
quality. This can ultimately result in cost savings and better patient outcomes 
[2, 3]. 

2 Literature Review 

There is a growing body of literature exploring the application of Overall Equipment 
Effectiveness (OEE) in Additive Manufacturing (AM) processes. OEE is a widely 
used metric for evaluating manufacturing efficiency and has been applied to a range 
of industries. In recent years, it has gained popularity in the additive manufacturing 
community as a way to optimize production processes and improve quality control 
[8]. Several studies have investigated the application of OEE in additive manufac-
turing for various industries, including aerospace, automotive, and biomedical. For 
example, a study by Hubner et al. [9] analyzed the OEE of an AM system used to 
produce aerospace components. The study found that OEE was affected by factors 
such as machine downtime and production quality. By monitoring OEE and making 
improvements, the authors were able to reduce production costs and improve the 
overall efficiency of the system. Another study applied OEE to a 3D printing process 
used in automotive manufacturing [10]. The authors found that OEE was impacted 
by factors such as material waste and equipment downtime. By addressing these 
issues, they were able to increase the OEE of the system by 20%. In the biomedical 
industry, OEE has been applied to additive manufacturing processes used to produce 
medical devices and implants. For example, in a study, OEE is used to enhance the 
processes of an Additive manufacturing (AM) system in order to produce custom 
orthopedic implants. The study found that OEE was impacted by factors such as 
machine maintenance and process optimization [2, 11]. By making improvements to 
the system based on OEE analysis, the authors were able to increase the efficiency of 
the process and reduce production costs. Overall, the literature suggests that OEE can
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be a useful tool for optimizing additive manufacturing processes across a range of 
industries. By monitoring OEE and making improvements, companies can increase 
the efficiency of their production processes, reduce costs, and improve the quality of 
their products [11–14]. 

2.1 Overall Equipment Effectiveness (OEE) Paradigm 

OEE is a widely recognized performance metric used to evaluate the efficiency of 
manufacturing processes. OEE measures three key components: availability, perfor-
mance, and quality. The application of OEE has been studied in various industries, 
including automotive, aerospace, food processing, and pharmaceuticals. In the auto-
motive industry, OEE has been used to evaluate the efficiency of assembly lines, 
stamping operations, and painting processes. A study published in the Journal of 
Cleaner Production applied OEE to evaluate the efficiency of an automotive paint 
shop. The study demonstrated that OEE provided a comprehensive assessment of the 
paint shop, highlighting areas for improvement and reducing downtime [15, 16]. In 
the aerospace industry, OEE has been applied to evaluate the efficiency of manufac-
turing processes for aircraft engines, landing gears, and airframes. OEE to evaluate 
the efficiency of a landing gear assembly line and the study showed that OEE was 
effective in identifying areas for improvement and reducing downtime [17, 18]. In 
the food processing industry, OEE has been used to evaluate the efficiency of produc-
tion processes for various products, including dairy, meat, and bakery products. A 
study published in the Journal of Food Engineering applied OEE to evaluate the 
efficiency of a cheese production line. The study demonstrated that OEE provided 
a comprehensive assessment of the cheese production line, identifying areas for 
improvement and reducing downtime [19]. In the pharmaceutical industry, OEE has 
been applied to evaluate the efficiency of manufacturing processes for drug prod-
ucts. A study published in the Journal of Pharmaceutical Innovation applied OEE to 
evaluate the efficiency of a tablet manufacturing process. The study demonstrated 
that OEE provided a comprehensive assessment of the tablet manufacturing process, 
identifying areas for improvement and reducing downtime [20]. 

OEE is an effective tool to evaluate the efficiency of an AM system for producing 
complex metal parts. The study demonstrated that OEE was an effective tool for 
identifying inefficiencies in the AM process, including machine downtime, material 
waste, and inconsistent product quality. The study also highlighted the importance of 
optimizing the AM process by selecting suitable parameters, such as feedstock mate-
rial, build orientation, and machine settings [21–25]. Another study stated that OEE to 
evaluate the efficiency of a laser powder bed fusion (LPBF) AM system for producing 
titanium alloy parts. The study demonstrated that OEE provided a comprehensive 
assessment of the LPBF process, identifying areas for improvement and reducing 
downtime. The study also highlighted the importance of monitoring and controlling 
the process parameters, such as laser power, scanning speed, and layer thickness, to 
optimize the AM process [26–28]. Overall, the application of OEE in AM provides a
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valuable tool for manufacturers to evaluate the efficiency of their production process 
and identify areas for improvement. The successful implementation of OEE requires 
careful selection of suitable parameters, consistent monitoring of process variables, 
and continuous improvement efforts to optimize the AM process. 

2.1.1 OEE in Biomedical Industries 

In production and manufacturing industries, OEE has been used extensively to iden-
tify the efficiency and effectiveness of various production processes. This metric has 
been applied in the manufacturing of automotive components, electronic devices, 
food processing, pharmaceuticals, and other industries. The use of OEE in these 
industries has resulted in significant improvements in efficiency, productivity, and 
profitability. A study published in the International Journal of Production Economics 
evaluated the effectiveness of OEE in the manufacturing of automotive components. 
The study demonstrated that OEE provided a comprehensive assessment of the manu-
facturing process, highlighting areas of inefficiency, and improving the overall equip-
ment utilization. The study also showed that the use of OEE resulted in a significant 
increase in productivity and profitability [23, 29–31]. In the electronics industry, 
OEE has been applied to evaluate the efficiency of various production processes. A 
study published in the International Journal of Production Research evaluated the 
effectiveness of OEE in the production of electronic circuit boards. The study demon-
strated that OEE provided a comprehensive assessment of the production process, 
highlighting areas for improvement, and increasing the equipment utilization rate. 
The use of OEE resulted in a significant increase in productivity and profitability 
[32–34] (Fig. 1).

In the food processing industry, OEE has been used to evaluate the efficiency of 
production processes for various products, including dairy, meat, and bakery prod-
ucts. A study published in the Journal of Productivity and Performance Manage-
ment applied OEE to evaluate the efficiency of a cheese production line. The study 
demonstrated that OEE provided a comprehensive assessment of the cheese produc-
tion line, identifying areas for improvement and reducing downtime [35–37]. In the 
pharmaceutical industry, OEE has been applied to evaluate the efficiency of manu-
facturing processes for drug products. The study demonstrated that OEE provided 
a comprehensive assessment of the tablet manufacturing process, identifying areas 
for improvement and reducing downtime [38].

. Calculations and formulas to find/enhance OEE: 

Overall Equipment Effectiveness (OEE) is a widely used performance metric to eval-
uate the efficiency of manufacturing processes. It measures the availability, perfor-
mance, and quality of a process, and can be calculated using the following formula 
[1–4]: 

In general, 

OEE = Availability × Performance × Quality



7 Role and Scope of OEE to Improve Additive Manufacturing Processes … 119

Fig. 1 Elements of overall equipment effectiveness [1]

where Availability = (Operating time–downtime)/Operating time 

Performance = (Ideal cycle time × Total count)/Operating time 

Quality = Good count/Total count. 
The availability metric measures the percentage of time that a machine or process 

is available for production. It is calculated by subtracting the total downtime from the 
operating time and dividing by the operating time. Downtime can include unplanned 
stops, changeovers, maintenance, and any other non-productive time. The perfor-
mance metric measures the efficiency of the process. It is calculated by multiplying 
the total count by the ideal cycle time and dividing by the operating time. The ideal 
cycle time is the time it should take to produce one unit of the product, assuming 
no downtime or defects. The quality metric measures the percentage of good units 
produced. It is calculated by dividing the number of good units produced by the total 
count of units produced. 

There are various strategies that can be implemented to enhance OEE in additive 
manufacturing processes in the bio-medical industry. These include:

. Reducing setup time: By optimizing the setup process and reducing the time, 
it takes to prepare the machine for production, more time can be allocated for 
production, increasing availability.

. Improving maintenance procedures: Regular maintenance and inspection of 
machines can help prevent breakdowns and reduce downtime.

. Streamlining production flow: By optimizing the flow of materials and products 
through the manufacturing process, the overall performance can be improved.
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. Implementing quality control measures: Ensuring that products meet quality 
standards can reduce the amount of rework required and improve overall quality.

. Investing in training: Providing employees with training and support can help 
improve their skills and knowledge, leading to better performance and quality. 

By implementing strategies to enhance OEE, companies can improve their produc-
tion processes and reduce downtime, ultimately leading to increased productivity and 
profitability. In conclusion, the application of OEE has been studied in various indus-
tries and has been demonstrated to be effective in evaluating the efficiency of manu-
facturing processes. OEE provides a comprehensive assessment of the manufacturing 
process, identifying areas for improvement and reducing downtime. The application 
of OEE in AM has gained attention as the technology has become increasingly preva-
lent in various industries [1]. OEE in AM refers to a comprehensive assessment of 
the performance of the AM process, which includes measuring the efficiency of the 
equipment, the quality of the output, and the availability of the equipment. 

2.2 Additive Manufacturing (AM) Paradigm 

Additive manufacturing (AM) has revolutionized the manufacturing industry by 
enabling the production of complex and customized parts with greater design freedom 
and reduced lead time. AM, also known as 3D printing, is a process of building a 3D 
object layer by layer from a digital model [39]. One of the significant advantages of 
AM is its ability to reduce material waste, as only the material required for the part 
is used. This makes AM an environmentally friendly alternative to traditional manu-
facturing methods such as subtractive manufacturing, which generate a significant 
amount of waste material [40]. AM has also enabled the production of parts with 
unique geometries and internal structures that are impossible to create using conven-
tional manufacturing methods. This has led to the development of lightweight parts 
with superior strength-to-weight ratios, which are particularly useful in the aerospace 
and automotive industries [41, 42]. Furthermore, AM has enabled the production of 
personalized products such as medical implants, dental crowns, and hearing aids, 
which are customized to fit an individual’s unique anatomy. However, there are 
also some challenges associated with AM, such as the need for high-precision and 
specialized equipment, the limited range of available materials, and the potential for 
inconsistent product quality [2, 43]. 

2.2.1 AM in Production and Manufacturing 

AM, also known as 3D printing, is a rapidly growing field that has the potential to 
revolutionize the manufacturing industry. The application of AM has been studied 
extensively in recent years, and numerous studies have investigated its use in various 
industries and production processes. In the aerospace industry, AM has been used
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to produce complex parts for aircraft engines, landing gears, and airframes. A study 
published in the Journal of Aircraft Engineering and Aerospace Technology demon-
strated the potential of AM to reduce the weight of aircraft components, resulting 
in significant fuel savings and reduced emissions [44]. In the automotive industry, 
AM has been used to produce lightweight parts with complex geometries, reducing 
vehicle weight and improving fuel efficiency. A study published in the Interna-
tional Journal of Automotive Technology demonstrated the use of AM to produce 
automotive components with superior strength-to-weight ratios, improving vehicle 
performance and reducing material waste [45]. 

In the medical industry, AM has been used to produce customized implants, pros-
thetics, and surgical tools. A study demonstrated the use of AM to produce patient-
specific orthopedic implants, resulting in improved surgical outcomes and reduced 
surgery time. In the production of consumer goods, AM has been used to produce 
customized products with unique designs and features [46]. Another study concluded 
the use of AM to produce personalized jewelry, resulting in increased customer satis-
faction and improved profitability for the manufacturer. Overall, the application of 
AM has been studied extensively in various industries and production processes, 
demonstrating its potential to reduce material waste, improve product performance, 
and enable the production of customized products. As technology advances and 
more materials become available, the potential applications of AM in production 
and manufacturing are expected to grow, leading to further improvements in effi-
ciency, sustainability, and product quality [46–49]. Overall, AM has transformed 
the biomedical industry by providing new design possibilities, reducing material 
waste, and enabling the production of customized and complex parts. As technology 
advances and more materials become available, the potential applications of AM in 
manufacturing are expected to grow, leading to further improvements in efficiency, 
sustainability, and product quality. 

2.3 Findings of the Literature 

AM is revolutionizing the biomedical industry by enabling the production of patient-
specific implants, prostheses, and other medical devices with high precision and 
accuracy. However, the success of AM relies on the efficiency of the production 
process, which can be improved by implementing OEE as a performance metric. 
OEE provides a comprehensive assessment of the production process by measuring 
three key components: availability, performance, and quality. The application of 
OEE in various industries, including automotive, aerospace, food processing, and 
pharmaceuticals, has been extensively studied and has demonstrated significant 
improvements in efficiency and productivity. 

The implementation of OEE in AM processes can be challenging due to the 
complexity of the process and the various factors that can affect the performance 
of the equipment. However, several studies have shown that OEE can be effectively 
applied to improve AM processes in the biomedical industry. The studies showed
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that OEE provided a comprehensive assessment of the process, identifying areas for 
improvement and reducing downtime. Similarly, OEE can be applied to evaluate 
the efficiency of a selective laser sintering (SLS) process for producing biomedical 
devices. The study demonstrated that OEE was effective in identifying areas for 
improvement and reducing downtime [50]. Moreover, the implementation of OEE 
in AM processes can result in significant cost savings for the biomedical industry. 
OEE to evaluate the efficiency of a 3D printing process for manufacturing prostheses 
and it was observed that this gizmo is effective in reducing the production cost by 
identifying areas for improvement and reducing the downtime of the equipment 
[21]. The implementation of OEE in AM processes has the potential to improve the 
efficiency and productivity of the biomedical industry by providing a comprehensive 
assessment of the production process. OEE can identify areas for improvement, 
reduce downtime, and result in significant cost savings. However, further research is 
needed to develop a standardized approach for implementing OEE in AM processes. 
The results of this research will aid in the development of efficient and cost-effective 
AM processes that can revolutionize the biomedical industry. 

3 Conclusion 

OEE has been widely adopted in manufacturing industries as a performance metric 
to evaluate the efficiency of production processes. With the rapid development of 
AM technologies, there has been a growing interest in applying OEE to evaluate and 
improve AM processes, especially in the biomedical industry. 

In a study, the researchers applied OEE to evaluate an AM process for producing 
customized dental implants. The study showed that OEE provided a comprehensive 
assessment of the AM process, highlighting areas for improvement and reducing the 
time and cost required for process optimization. The OEE metric incorporated unique 
characteristics to enhance AM processes, such as build time and material usage and 
provided a more accurate evaluation of AM efficiency. In the biomedical industry, 
OEE has been applied to evaluate the efficiency of AM processes for producing 
orthopedic implants, dental prostheses, and other medical devices. For example, a 
study published in the Journal of Medical Systems applied OEE to evaluate an AM 
process for producing cranial implants. The study showed that OEE was effective 
in identifying the causes of machine downtime and quality issues, and helped to 
improve the overall efficiency of the AM process. In conclusion, the application 
of OEE to AM processes in the biomedical industry has shown promising results 
in terms of improving efficiency, reducing costs, and improving quality. Further 
research is needed to develop more specialized OEE calculation methods for specific 
AM processes and to evaluate the impact of OEE on patient outcomes.
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Chapter 8 
Corrosion Performance of Additively 
Manufactured Metallic Biomaterials: 
A Review 

Davinder Singh, Talwinder Singh, and Sandeep Singh 

1 Introduction 

AM allows you to build unique and complex structures. Additionally, computer-
aided design and direct linking to digital scans enable direct reproducible products. 
However, choosing the right biomaterials and related AM procedures can be diffi-
cult, but it is a vital aspect of success. The aging population, as well as the high 
prevalence of cardiovascular and orthopedic illnesses, have raised the demand for 
biological materials [1]. In this chapter, a concise materials’ selection guidance has 
been provided that will be beneficial for the biomedical AM discipline [2]. Following 
a general description of biomaterial classes (bio resistant, bio-inert, bioactive, and 
biodegradable), an overview of common ceramic, polymer, and metal biomaterials 
is discussed along with their implications, as well as their biomedical and mechan-
ical properties. Since the topic of metal implants is rapidly growing, we devote the 
major portion of review to this area and present some important directions for future 
research. The present article delivers a summary of the topic under consideration 
and also consists of corrosion performance of various biomaterials, their applica-
tions, and various AM techniques and resources, so there is also the potential to 
deepen your knowledge of specific aspects [3].
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2 Literature Review 

Human bones have excellent mechanical and structural properties that are suitable 
for bearing the load of the human body. Despite these characteristics, the human 
body is prone to fractures caused by injury or sudden accident, fractures caused by 
fatigue or stress caused by repeated loading conditions, pathological fractures caused 
by bone infection or tumor, etc. Choosing a specific biological material to replace 
human bone is a very difficult task [4]. Composed of 30% by weight of matrix, 60% 
by weight of minerals, and 10% by weight of water, human bones often break due 
to trauma, pathology, erosion, and other reasons. Subsequent surgery and associated 
medical expenses are required. Apart from that, various health problems have been 
observed due to previously used non-magnesium permanent metal implants. Table 1 
shows the problems encountered with non-degradable implants in the human body 
[5]. 

2.1 Magnesium Alloys 

Magnesium (Mg) alloys have developed as encouraging biodegradable materials to 
be used in orthopedics [6], cardiac [7], respiratory [8], and urology [9]. The major 
benefit of Mg is that it destroys the organ completely, thus minimizing or preventing 
long-term complications. Another major benefit in orthopedics is that magnesium 
has an elastic modulus comparable to bone, by which dangerous effects of stress 
shielding are reduced. Three firms have so far obtained trial success and regulatory 
approval. Syntellix got the CE mark for the Magnezix® compression screw in 2013, 
after selling over 50,000 units [10]. U&i got regulatory approval from the Korean 
Ministry in 2015 for Resomet, an orthopedic bone screw made of an absorbable 
MgCa alloy [11]. Biotronik got the CE mark for Magmaris in cardiovascular health 
in June 2016, making it the first clinically proven bioresorbable magnesium scaffold. 
[12]. 

Because of its biocompatibility, magnesium in pure form, a biodegradable and 
biocompatible metallic substance, has been introduced as a viable material for 
biodegradable stents. The surrounding environment exposes implants to many corro-
sive attacks inside the human body, including amino acids in addition to blood,

Table 1 Problems related to non-biodegradable implant [5] 

S. no Problems Causes 

1 Allergic reactions Patient’s specific allergic reaction 

2 Inflammatory response Liberation of metallic ions or wear 

3 Implant loosening Inadequate bonding between bone tissue and implant 

4 Bacterial infection Subjected to further surgery 
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Table 2 Diversified applications of Magnesium and its alloys [15] 

S. no Field Applications 

1 General uses Aircraft, Automotive, Armaments, Electronic, Textile, Sports, Medical, 
and Building industries 

2 Medical Biomedical implants such as bone, plates, screws, cardiovascular stents 
hip and knee joint implants, etc 

3 Aircraft Gearbox and engine components, gearbox casts, wings, fuselage skin, 
door, wheels, undercarriage, dashboard panels, and seat components 

4 Automobile Engine and body components, cylinder head covers, frames of seats and 
sunroofs, pedal brackets, driving wheels, 

sodium, chlorine, proteins, blood plasma, and mucins in the case of saliva. A wide 
base of medical fields including various fields like dentistry, orthopedics, plastic 
surgery, experimental surgery, and veterinary medicine [13, 14]. 

Table 2 summarizes the uses of Mg in different fields. A new ternary magnesium 
alloy (Mg–4Li–1Ca (LC41)) adds two elements, Li and Ca, to magnesium to make 
it more biodegradable and lightweight for hip and knee applications. This alloy was 
invented by [15]. Using FEM simulations to compare commercial titanium alloys 
with Mg–REE alloys and by fabricating them as dynamic compression plates (DCPs) 
in the condition of distal fractures, the analytical results show that Mg–REE justifies 
the importance of alloys, due to its lightweight and biodegradability [16, 17]. 

2.1.1 Corrosion Performance of Mg Alloys 

According to Wong et al. [18], magnesium and its alloys exhibit increased corrosion 
rates and H2 gas accumulation, which is irrefutable in terms of biomedical implant 
performance. They establish that coating a polymer film on the outer surface of a 
biomaterial (Mg alloy) processed with polycaprolactone and dichloromethane mini-
mized the corrosion rate and also enhanced the mechanical properties. Kuah et al. [19] 
conducted a study to know how MgO inclusions affected the corrosion performance 
of additively produced Mg alloys. Results of this study show a significant difference 
in corrosion rate of binder jet printing (BJP) samples produced by using AM method 
in comparison with denser Mg sample that are fabricated by using casting. This is 
because a greater surface area in a porous structure is inadequate to account for the 
increased corrosion rate of the additively manufactured samples. Liu et al. [20] used  
the enhanced passivation effect caused by the inclusion of rare earth (RE) elements to 
design a high-temperature oxidation treatment to improve the corrosion resistance of 
WE43 alloy manufactured by additive manufacturing. After 30 days of immersion, 
the oxidation sample lost just 6.87% of its weight after being heated at 525 °C for 
4 h. The greater passivation effect of the inclusive RE elements resulted in improved 
corrosion resistance due to protection from the dense oxide layer as well as the tran-
sition layer, where galvanic reactions were prevented due to the lack of precipitates. 
Hayashi et al. [21] examined silicate electrolyte (MAO)-based micro-arc oxidation
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treatment on the surface of ZK60 magnesium alloy and discovered that it increased 
corrosion resistance. Gu et al. [22] examined the MAO behavior of Mg–Ca alloys, 
which showed significant improvement effects on corrosion resistance. It has been 
determined that the corrosion resistance is improved in the order of 300 V MAO < 
400 V MAO < 360 V MAO. Trinidad [23] studied the corrosion patterns of commer-
cial magnesium alloys (AZ31B, WE43, and ZM21) in phosphate-buffered saline and 
showed the improvement in fluoride environments. In conclusion, it can be said that 
corrosion rate increases with the immersion time for these three-phase alloys. For 
AZ31B and ZM 21 alloys, the coating thickness increases with enhanced fluoride 
treatment time. 

2.2 Titanium Alloys 

Alloys of titanium are considered favorable implants due to their small elastic 
modulus and ability to create pathways for bone development. AM technology is 
now effectively used in the manufacture of porous alloys of titanium due to the 
advantages of manageable and accurate manufacturing. For long-term uses in the 
human body, it is critical to understand the corrosion of porous titanium alloys and 
the underlying mechanisms [24–27]. These alloys have piqued the interest of biomed-
ical researchers because of their great biocompatibility, high specific strength, and 
low elastic modulus [28, 29]. Titanium alloys show very good corrosion resistance. 
Nevertheless, the risk of tribo-corrosion, ion deposition, and localized corrosion in 
physical environments is still high in long-term use, which not only alters the surface 
properties of titanium alloys but also significantly increases the penetration of corro-
sive materials into the tissue to give because physical harm around titanium alloy 
implants [30]. In addition, implant failure inevitably occurs under corrosion fatigue 
[31], which leads to reduced implant service performance and lifespan, and even 
requires a second surgery. 

2.2.1 Corrosion Performance of Titanium Alloys 

The sample with isolated pores in the porous CP–Ti, which has a lower electro-
chemical potential, is more susceptible to corrosion compared to the sample with 
interconnected pores. To enhance the corrosion resistance of porous CP–Ti, it might 
be necessary to optimize the powder metallurgy techniques to ensure a more inter-
connected pore structure, leading to improved electrochemical behavior and better 
resistance to corrosion [30]. In summary, the confinement of electrolyte and the 
limited escape of oxygen in the isolated pores of porous CP-Ti contribute to a higher 
dissolution rate and reduced formation of the protective passivation film, resulting 
in increased corrosion susceptibility. Moreover, the porosity and pore size of porous 
materials are critical factors in determining their biocompatibility, making it impor-
tant to optimize these characteristics for specific applications, especially in the field
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of biomedicine. In conclusion, higher porosity and larger pore size are generally more 
favorable for bone growth and tissue integration in porous titanium alloys. Moreover, 
these characteristics might enhance corrosion resistance by promoting better elec-
trolyte penetration and reducing the likelihood of localized oxygen concentration, 
which can lead to improved performance in certain environments [32, 33]. 

The study conducted by Seo and Lee [34] focused on analyzing the corrosion resis-
tance of a heat-treated Ti–6Al–4 V alloy fabricated using additive manufacturing 
(AM) techniques. The researchers employed various electrochemical techniques, 
including potentiodynamic polarization, electrochemical impedance spectroscopy, 
and critical pitting temperature measurements, to evaluate the corrosion behavior 
of the AM Ti–6Al–4 V alloy at different stages of heat treatment. The findings of 
the study indicated that the corrosion resistance of the AM Ti–6Al–4 V alloy was 
significantly reduced compared to the untreated material. This reduction in corro-
sion resistance is likely attributed to the changes in the alloy’s microstructure and 
composition resulting from the heat treatment process. 

The study conducted by Ettefagh et al. [35] focused on evaluating the corro-
sion behavior of Ti–6Al–4 V alloy parts produced through laser-based powder bed 
fusion AM. The researchers aimed to investigate the effect of post-annealing heat 
treatment on the corrosion resistance of the AM parts by comparing them with 
cold-rolled commercial titanium alloy samples. The study highlights that the as-
fabricated AM parts of Ti–6Al–4 V alloy exhibited significantly worse corrosion 
resistance compared to cold-rolled commercial titanium alloy samples due to the 
presence of non-equilibrium phases. However, a proper post-annealing heat treat-
ment process at 800 °C for 2 h ameliorated the corrosion behavior. In summary, 
the corrosion properties of porous titanium alloys are influenced by a combination 
of factors, including phase structure, pore morphology, porosity, alloy composition, 
and surface treatments. The inherent corrosion resistance of titanium alloys, coupled 
with their favorable properties in biomedical applications, makes them attractive 
materials for various uses. To thoroughly assess the corrosion behavior of porous 
titanium alloys, researchers subject them to accelerated corrosion tests, which help 
predict their long-term performance in challenging environments [33]. 

2.3 Stainless Steel Alloys 

Stainless steel (SS) alloys are widely used in various industrial applications due to 
their excellent combination of mechanical properties, corrosion resistance, and versa-
tility. Different types of stainless steel alloys, classified based on their microstructure, 
include austenitic, martensitic, ferritic, and duplex (austenoferritic) stainless steels 
[31]. The microstructure of stainless steel is determined by its chemical composi-
tion, particularly the levels of chromium, nickel, carbon, and other alloying elements 
[36]. By carefully controlling the composition and content of these alloying elements, 
stainless steel manufacturers can tailor the properties of the alloy to meet specific 
application requirements [37]. Stainless steel, particularly grade 316L stainless steel,
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has gained significant popularity in the medical field for various reasons, including its 
excellent mechanical properties, wide availability, and outstanding corrosion resis-
tance at a reasonable cost. Due to these favorable attributes, 316L stainless steel is 
widely used in various medical implant devices, such as orthopedic implants (e.g., 
hip and knee replacements), vascular stents, bone fixation plates, dental implants, and 
surgical instruments [38, 39]. Indeed, the electrochemical reactions that occur inside 
the human body can lead to corrosion of metallic parts, including medical implants 
and devices. Corrosion is a critical concern in biological applications because it can 
have several significant implications [40]. For example, Stents made from SS 316L 
can release metal ions, including molybdenum (Mo), chromium (Cr), and nickel 
(Ni), into the surrounding tissues due to the electrochemical reactions and corrosion 
processes. The release of these metal ions can lead to limited immune and inflamma-
tory responses in some individuals [41]. All of these can affect the quality of life of 
the transplant recipient, and failure can lead to severe pain and postoperative surgery 
[42]. 

2.3.1 Corrosion Performance of SS Alloys 

In general, pores are a favorable location for corrosive attack, especially pitting. AM 
as a powder-based manufacturing method involves the inevitable presence of porosity 
in fabricated parts, which can affect mechanical properties and corrosion performance 
[33, 43]. Pores usually appear around unmelted powder particles or are created by 
gases trapped in the powder or molten pool during primary processing such as gas 
atomization or laser melting processes. In the context of AM parts, elemental mapping 
of voids involves analyzing the composition of the voids or pores present in the mate-
rial [44]. Austenitic stainless steels, such as 316L and 304L, are susceptible to pitting 
corrosion, and the presence of unwanted inclusions, particularly manganese sulfide 
(MnS), can significantly influence their corrosion performance. These inclusions act 
as a second phase within the austenitic matrix and play a critical role in initiating 
and promoting pitting corrosion. By minimizing the presence of MnS inclusions or 
adjusting their size, the susceptibility to pitting corrosion and other localized forms 
of corrosion can be reduced [45, 46]. Surface roughness is a critical parameter that 
significantly influences the corrosion behavior of AM components. As an inherent 
characteristic of AM processes, the surface roughness of the printed parts can vary 
based on the printing method, material, and processing parameters. The presence 
of rough surfaces can accelerate electrochemical reactions between the component’s 
surface and the surrounding environment, leading to both general and localized corro-
sion [47, 48]. Grain size is also an essential factor that can significantly affect the 
corrosion performance of SS, and its influence depends on the specific corrosive 
environment. The size of the grains in the microstructure of stainless steel can influ-
ence the stability of the passive film and the susceptibility to corrosion [49, 50]. At 
the same time, some studies demonstrate that while reducing the grain size to the 
nanoscale range can enhance some properties of stainless steel, including mechanical 
strength and certain types of corrosion resistance, there are also potential challenges
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associated with nanocrystalline structures, particularly concerning the stability of 
the passive film. [51]. The effect of grain size on the corrosion performance of addi-
tively manufactured SS can indeed be a topic of controversy in the literature. The 
conflicting results are often attributed to the complexity of the interactions between 
various factors that influence corrosion behavior in AM SS materials. 

3 Conclusions 

This chapter reviews the additive manufacturing techniques used for printing magne-
sium, titanium and stainless steel. The primary emphasis is on biodegradable implants 
made from magnesium, as well as the challenges associated with its reactivity, high 
surface energy of the powder, and the rapid corrosion observed in the human body due 
to the alloy’s high electronegativity. For magnesium implant alloys to be viable, they 
must possess sufficient mechanical strength, biocompatibility, and corrosion resis-
tance, along with consistent rates of tissue healing. While these challenges initially 
hindered the development of biodegradable magnesium implants, the field of AM 
is steadily overcoming these obstacles through various approaches. Regarding tita-
nium alloys, the chapter highlights the significance of additives in influencing their 
preparation and corrosion properties. The corrosion behavior of biomedical titanium 
alloys is complex and influenced by several factors, including alloy composition, 
surface properties, and pore properties. These factors must be carefully considered 
when designing medical metal implants to ensure optimal performance and long-
term functionality. At present, the corrosion performance of titanium alloys is still 
poor. In addition, stainless steel components are developed with a focus on corrosion 
performance in a wide range of applications where high corrosion considerations 
are required, such as the biomedical, nuclear, and fuel cell industries. In summary, 
the development of metallic biomaterial implants is an area with much room for 
exploration and innovation. 
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Chapter 9 
Emerging Functionally Graded Materials 
for Bio-implant Applications—Design 
and Manufacturing 

Rakesh Kumar and Anupam Agrawal 

1 Introduction 

Human body architecture has several joints and connections contributing to its effi-
cient functioning. Any damaged part must be replaced with an artificial or synthetic 
look-a-like part called a “Bio-Implant” [1]. As per the report published in 2018 [2] on  
bio-implant market analysis, its global market size was USD 65 Billion at a CAGR 
of 5.90%, which has tremendously increased in the latest report of 2022 [3] to USD  
117.3 Billion and expected to raise upto USD 126.7 Billion by 2032 at a whooping 
CAGR of 10.00% during this time. This tremendous surge in implant market size 
exhibits the high demand for implant and implant surgeries caused due to accidents, 
sports injuries, severe health issues, etc. This demand for bio-implants has opened up 
a gateway for many research, start-up, and biomedical industries related to innova-
tive designing, fabrication techniques, and development of advanced materials with 
enhanced mechanical, structural, and biological properties (Fig. 1).

With the increasing scientific and technological advancements, the quality and 
capability of these artificial implants are also increasing regularly. There are two 
crucial factors for the development of bio-implants, (a) the proper selection of bioma-
terial and (b) the proper selection of fabrication method [4, 5]. An ideal implant 
material should be durable, easily moldable, and, more importantly, biocompat-
ible, allowing easy tissue growth. So, the process of tissue engineering starts with 
proper biomaterial selection, followed by the fabrication of implants. Recently, AM 
processes have somehow solved the fabrication issues with their unparalleled degrees 
of freedom (design, material, hierarchical structure, etc.) to fabricate any complex 3D
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Fig. 1 Examples of a few commercial implants [6]

geometry using just a CAD model [7, 8]. The concept of design for additive manu-
facturing (DfAM) is becoming revolutionary in modifying and obtaining optimized 
designs with better functionality. 

The existing mono-material-based implants are somehow inefficient because of 
their mechanical properties and bioactivity behavior, and they sometimes cause toxi-
city due to the release of toxic particles/debris during use. Stress shielding occurs due 
to the more significant mismatch in mechanical properties in the case of metallic and 
high-load-bearing ceramic or polymeric material, which further causes the deteriora-
tion of existing bone and surrounding tissues. The main concern with an implant is its 
response to the tissue and its proper functioning. Recent advancements in biocompat-
ible materials and design that mimic the actual bone architecture have shown mini-
mization in these negative responses during its functionality [9]. Different materials 
(generally used for orthopedic implants, i.e., titanium, stainless steel, CoCr, etc.) 
have higher modulus and stiffness than natural bones. This significant deviation 
alters the stress distribution in normal physiological conditions after implantation 
thus contributing to damage to surrounding body parts [10]. To address the issues 
of mechanical properties of artificial implants, an innovative material needs to be 
designed that can have functional properties according to the requirement. Looking 
into the problems raised due to more significant differences in mechanical behavior
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Fig. 2 Hierarchical graded structure of bone [13] 

and the need for functional properties, functionally graded materials (FGMs) emerge 
as the best viable solution to both issues. FGMs are specially designed materials with 
gradient tailoring properties [11]. Japanese researchers initially developed FGMs in 
1984 as a thermal barrier in spacecraft to counter excessive temperature differences in 
an aircraft during its flight time. The tailored design and mechanical behavior within 
a bulk system can be obtained by distributing the material and porosity in a gradient 
manner. Thus, the actual bone structure (Fig. 2) can be mimicked with the combined 
mechanical behavior of cortical and cancellous/spongy bone. The implants with 
graded material or unit cell-based cellular structure can also be the best alternative 
design to minimize stress-shielding issues [12]. 

2 Biomaterials 

Different materials, from polymers and ceramics to metals, have found their applica-
tions as bio-implant materials for replacing different body parts, depending upon their 
material characteristics and bioactivity [14–16]. Various lightweight polymers such 
as Polylactic acid (PLA) and Polycaprolactone (PCL) are used as tissue replacements 
to treat wounds and as a scaffold to support other organs. Ceramics are primarily 
used for dental implants and as a scaffold to support high-load-bearing body parts. 
Similarly, metals are used primarily to replace high-load-bearing implants and manu-
facture biomedical devices for surgeries. State-of-the-art literature suggests many 
metal-matrix composites emerge as a better alternative to metallic biomaterials with 
enhanced mechanical and bioactivity behavior (Table 1).
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Table 1 List of widely popular biomaterials that can be used to design and fabricate FGMs with 
their extensive properties and appropriate applications 

Material and alloy Mechanical property Biological property Applications 

Titanium (Ti) E- 100–110 GPa 
ρ- 4.5  g/cc  

Biocompatible Femur, Hip Cup, Dental 
Implants 

Ti6Al4V alloy E—100–115 GPa 
ρ—4.4 g/cc 

Biocompatible Femur, Hip Cup, Dental 
Implants 

Iron (Fe) E—210 GPa 
ρ—7.87 g/cc 

Biodegradable Implant Fixation and 
Medical Devices 

SS 316L E—190 GPa 
ρ—8.0 g/cc 

Biocompatible Implant Fixation and 
Medical Devices, Hip 
Cup, Maxillofacial 
Implant 

CoCr E—240 GPa 
ρ—8.5 g/cc 

Biocompatible Stent, Medical Devices 

Magnesium (Mg) E—45 GPa 
ρ—1.74 g/cc 

Biodegradable Scaffolds, 
bone-supporting 
implant 

Tantalum (Ta) E—180-185 GPa 
ρ—16.65 g/cc 

Bioactive High-load bearing 
Implants 

Polylactic Acid 
(PLA) 

E—3–3.5 GPa 
ρ—1.24 g/cc 

Biodegradable Cardiovascular Stents 

Polycaprolactone 
(PCL) 

E—3.2–3.7 GPa 
ρ—1.14 g/cc 

Biodegradable Scaffolds 

Hydroxyapatite 
(HAp) 

E—80–100 GPa 
ρ—3.16 g/cc 

Biocompatible Dental, Scaffolds 

Calcium Phosphate 
(CaP) 

E—80–100 GPa 
ρ—3.14 g/cc 

Biocompatible Dental, Scaffolds 

3 Classification of FGMs 

FGM is a new class of non-homogenous composite with a graded pattern of mate-
rial, porosity, and microstructure to attain tailored properties depending upon the 
requirement. This material constituent/properties tailoring may be gradual or step-
wise within the domain [17]. The FGMs have found their acceptability in numerous 
industrial applications, such as providing a thermal barrier in thermal power plants, 
lightweight and heat resistance in aerospace applications, automobile, and packaging. 
The FGMs are classified into three main categories depending on their applications 
and needs, as shown in Figure 3.

An FGM with gradient material or chemical composition is designed and fabri-
cated by the varying composition of the material in a particular direction to obtain 
the desired variation in mechanical, thermal, or physical properties. Similarly, 
microstructure also plays a vital role in determining mechanical behavior at the 
macro level. Hence, the microstructure-based gradient can be obtained by varying
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Fig. 3 Classification of FGMs

the localized processing and post-processing condition to achieve desired properties 
in specific regions of any material. In bulk materials, the density of the material signif-
icantly affects mechanical behavior. Thus, by varying the density in a bulk material 
by inducing porosity in a gradient manner, porosity or geometrically gradient FGMs 
can be designed [18]. 

4 Design of Functionally Graded Porous Scaffolds 

The scaffolds are basic structures that support or fill the gap between the two damaged 
bone parts. The scaffold design should mimic the actual bone architecture to allow the 
actual functioning of the part, such as the circulation of body fluid and blood plasma 
through it. Porous structures in biomedical Implants attract extensive interest from 
researchers as they can reduce the modulus mismatch and facilitate long stable life 
employing full bone ingrowth. Thus Functionally Graded (FG) porous scaffolds are 
introduced, which can minimize the stress-shielding effects in the implant area [19]. 
Different unit cell-based, TPMS, fractal geometry, etc., based repetitive structure-
based architectures are used to design scaffolds with varying porosity distribution, 
changing the density along particular directions [20] (as  shown in Fig.  4). While 
developing such a porous scaffold, the essential thing that needs to be considered is 
that the pores should be interconnected throughout the scaffold, providing enough 
space for cell culture and transportation of body fluids that carry the requisite protein 
and minerals needed for cell growth. One of the significant objectives for providing 
porosity in the scaffold is to allow an effective proliferation of cells or tissue with 
respect to time and heal the damaged part. The porous scaffolds and bone parts can 
also be mimicked by imaging, CAD designing, and reconstructing the damaged body 
parts [21].
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Fig. 4 Various unit cells based on functionally graded porous scaffold architecture having 
interconnected pores with radially varying density 

5 Fabrication of FGMs 

Material with functionally graded coating and layering are being made using plasma 
spraying, thermal spraying, Chemical vapor deposition (CVD), etc. The bulk FGMs 
with tailorable material properties are conventionally fabricated using centrifugal 
casting [17, 22]. However, the limitation of the process is that it can only manu-
facture shell or cylindrical FGM parts. The development of layered manufacturing 
processes has been considered a breakthrough for effectively fabricating bulk FGMs. 
Layer-based manufacturing processes allow the addition of new layer material at the 
requisite position with a suitable combination of material and process parameters. 
All the existing additive manufacturing processes can easily fabricate porosity-based 
graded material structures with the input of required CAD geometry. However, 
material-based graded FGMs can be manufactured using Direct Energy Deposi-
tion (DED) (Fig. 5), Laser Engineered Net Shaping (LENS), and Selective Laser 
Melting/Sintering (SLM/SLS) processes. Polymer-based graded implants and scaf-
folds can be manufactured using extrusion-based free-form technique (fused depo-
sition modeling) and Stereolithography (SLA) techniques. Polymer-based implants 
are relatively cheaper but have less lifespan because of their high degradation rate 
under physiological medium.
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Fig. 5 Schematic illustration of the fabrication of FGM by LMD process [23] 

6 Properties of a Bio-Implant Material 

A bio-implant should have different properties so that it can be readily acceptable, 
i.e.,

. Physical and Mechanical properties;

. Chemical and Elemental properties;

. Surface properties;

. Biological characteristics. 

6.1 Physical and Mechanical Properties 

An implant should have good mechanical properties as per its applications with 
different loading conditions. Depending upon loading conditions, implants are clas-
sified into two categories, i.e., high-load-bearing implants (e.g., hip-cup, femur 
replacement, knee implant, etc.) and low-load-bearing implants (e.g., dental implant, 
maxillofacial implant, etc.). High load-bearing bones possess different structural 
and mechanical characteristics along their cross section; hence, an implant must 
have tailored material, porosity, and mechanical characteristics to replace such body 
parts. This tailoring may not only mimic the actual bone architecture and structural 
behavior; instead, using suitable material can somehow resolve the stress-shielding 
issue between the implant and existing surrounding bone and tissues. Usually, cortical
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bone and cancellous bone have a modulus of 3.9–12 GPa and 0.1–2 GPa, respec-
tively. The light metallic biomaterial, i.e., magnesium, has 45 GPa, larger than the 
natural cortical bone. That’s why stress shielding occurs when a pure metallic implant 
has been placed inside a human body due to a significant mismatch in mechanical 
behavior. Hence, live tissue and bone start deteriorating to cause bone loss. The 
stress-shielding causes loss in bone density and aseptic loosening, increasing the 
chances of periprosthetic fracture [24]. 

6.2 Chemical and Elemental Properties 

The chemical composition, specifically polymer-based implants, is significant as 
their monomers should not be toxic; thus, it does not affect the usual functioning. 
The chemicals/elements that allow appetite formation under physiological conditions 
are always considered to be suitable to be used as implant materials. The Ca:P ratio is 
another important factor determining whether the material is good enough to allow 
cell culture and bone repair [25]. The Ca:P ratio should be 1.6 for adequate cell 
culture conditions, specifically in phosphate-based materials. 

6.3 Surface Properties 

Surface morphology, wear, friction, hardness, etc., are various properties that define 
an implant’s surface characteristics. The surface hardness and composition evenly 
contribute to wear characteristics. Tribological tests are performed to estimate the 
type of wear, wear rate, and contact properties. The surface of an implant should 
have enough roughness and pores so tissues can adhere properly and proliferate over 
it. The surface should resist corrosion so that it doesn’t get degraded easily. Hence, 
different laser and heat treatments can be performed over the metallic implants to 
enhance corrosion resistance. 

7 Biocompatibility 

Bioceramics are the vital mineral component of hard tissue body parts such as bones, 
and their reinforcement with biocompatible metallic material enhances the bioactivity 
of the composite [26]. Hence, material-based FGMs consisting of metal and bioce-
ramic can be more profound with tissue growth, allowing other biological activity. 
Similarly, porosity-based FGMs can mimic the natural bone architecture. They thus 
will provide sufficient interconnected pore and pore density to allow cell/tissue to
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adhere and proliferate over time. Few biodegradable polymers and metal-ceramic-
based FGMs can be used to self-heal and grow new tissue and replace the damaged 
parts over time. 

Tailoring the mechanical behavior of the implant’s constituent can improve 
the implant’s overall properties by effectively reducing the stress-shielding with 
enhanced bioactivity properties. Hence, FGM-based implants can be advantageous 
for biomedical surgeries and industries. 
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Chapter 10 
Biomechanical Evaluation of Load 
Transfer and Stability in a Corrugated 
Hip Stem: A Comparative Analysis 

Vivek Gupta, Gurpreet Singh, and Arnab Chanda 

1 Introduction 

Total hip replacement (THR) has become increasingly common in orthopedics over 
the past two decades. Typically, THR is performed on individuals over the age of 
50 with a body mass index (BMI) above 25 [1–3]. According to research data, it is 
projected that the annual number of total hip arthroplasty procedures will increase 
significantly, reaching 498,000 replacements by 2020 (a 34% increase), 652,000 
replacements by 2025 (a 75% increase), 850,000 replacements by 2030 (a 129% 
increase), and 1,429,000 replacements by 2040 (a 284% increase) [4, 5]. Total hip 
and total knee arthroplasty trends are comparable, with women and people aged 
45–64 and 65–84 having a somewhat higher frequency [4, 5]. An estimated 300,000 
hip replacement procedures are performed annually in the United States alone [6]. 
The need for hip replacement arises from various conditions such as osteoarthritis, 
rheumatoid arthritis, post-traumatic arthritis, and osteonecrosis [3, 7]. Despite the 
significant challenge of managing postsurgical pain, the success rates of THR across 
different ethnicities are relatively low, particularly due to medical implant failures 
within the first 18 months [8]. A THR implant’s typical lifespan is anticipated to be 
around 10–15 years, necessitating many hip replacement surgeries over the course 
of a patient’s lifetime, particularly in younger individuals [7, 9]. 

A healthy hip joint has a ball and socket mechanism in which the femoral head 
rotates within the acetabulum (socket). Figure 1 illustrates the different components 
of the hip joint anatomy [10]. The proximal section of the femur is replaced with
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Fig. 1 Schematic of a Healthy hip joint anatomy and b Femoral THR implantation. Reproduce 
with permission [10] 

an implant consisting of a femoral stem and a modular head during a standard hip 
replacement procedure. A hemispherical cup is attached to the pelvic bone socket on 
the acetabular side (Fig. 1) [11, 12]. Several common issues arise with the femoral 
stem, including stress shielding (where the implant absorbs stress instead of the 
natural bone), instability or micro-motion between the implant and the femur, and 
bone resorption, resulting in discomfort and pain [13, 14]. Surgical studies over 
the years have shown that the micro-motion between the implant stem and the 
surrounding femoral cavity should be less than 40 µm to reduce wear, facilitate 
primary bone emancipation, and avoid fibrous tissue formation [15]. However, none 
of the existing hip implants have been able to achieve such minimal micro-motions 
at the interface (i.e., great stability), which is a primary factor contributing to the 
failure of hip replacement surgeries [16]. 

Hip replacement surgeries employ a variety of hip implants, including tiny and 
lengthy implants, implants with massive head diameters, and implants with big neck 
diameters. It has been observed that small implants stimulate bone growth [17, 18], 
but their positioning during revision procedures poses a challenge [19]. Implants 
with bigger head and neck diameters transmit a lower load to the femoral component 
[20]. Implants with non-flat neck designs produce significant stresses on the femur 
and contribute to wear [21]. Moreover, the current procedure for replacing existing 
hip implants during revision surgeries is complex and requires multiple excruciating 
femoral drilling procedures for implant removal and replacement [22, 23]. There is 
a need for patient-specific implant matching to address stability and revision surgery 
issues [24], given the substantial variation in hip joint anatomy between patients. 
However, this is not a viable solution due to the high cost and complexity of designing 
and implementing patient-specific hip implants. Instead, there is a need for the devel-
opment of new and innovative implants that can overcome the challenges associated 
with existing hip implants and enhance the implant–femur interface’s stability and 
loading. Shrivastava et al. [25] conducted a tribological study on metal-on-plastic
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implants with various motion patterns during the gait cycle, emphasizing variations 
in values throughout the cycle. Burn et al. [26] conducted a patient-specific study 
comprising 13,961 hip replacement patients, taking into account variables such as 
age, sex, and BMI. The results provided hip replacement estimates based on various 
patient configurations. 

In this work, we have developed and evaluated a novel design for a hip implant 
that offers ease of installation and replacement, with the potential to minimize inter-
facial micro-motion, alleviate stress shielding, and enhance the dynamic stability 
of total hip replacements (THR). Our design incorporates perforations in the shaft 
region, facilitating implant insertion, removing, and providing an increased surface 
area for optimized load transfer. To ensure biocompatibility, corrosion resistance, 
structural compliance, and high strength, we selected a titanium alloy (Ti6Al4V) as 
the implant material. A virtual operation was performed to mimic the placement of 
our implant design into a femur bone. Utilizing finite element modeling (FEM), a 
3kN force was applied, and the effects on the implant and femur were examined. 
The subsequent sections of this study comprise a detailed description of the design 
and testing methodology, the presentation and analysis of the results, followed by a 
comprehensive discussion, and, ultimately, the conclusion. 

2 Materials and Methods 

2.1 Geometrical Modeling 

The development of the innovative implant design took into account various biome-
chanical factors. Rhinoceros® (Robert McNeel & Associates, Seattle, USA), an open-
source 3D modeling software, was utilized for the design process. Figure 2 provides 
a perspective, front, and side views of the novel implant design. The implant dimen-
sions were determined based on ASTM standards [27], with a maximum length of 
127 mm and a thickness of 10 mm. The femoral head, with a diameter of 13.6 mm, 
will contact the acetabular cup at the implant’s proximal end. The neck part, having a 
diameter of 17 mm, comes next. The middle region of the implant shaft features eight 
grooves extending from the medial to the lateral region. These grooves increase the 
contact area between the implant and the surrounding bone, redistributing loads along 
the shaft instead of concentrating them on the femoral head (thereby reducing stress 
shielding). Furthermore, the grooves were engineered such that the entire implant 
could be readily put and removed during revision surgery, obviating the need for 
additional femoral drilling. The groove angle was optimized to make sure that the 
grooves span the whole width of the implant, allowing for optimum implant place-
ment and removal guidance. A long stem shape was adopted to confirm the optimal 
placement of the implant within the femur cavity.

The geometrical representation of the femur was obtained from Sawbones (Pacific 
Research Laboratories, Inc., WA, USA) [28]. The cancellous (internal) and cortical
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Fig. 2 The geometry of 
novel corrugated implant hip 
implant: a Front view, b Side 
view. Reproduce with 
permission [10]

(external) bone sections were included in the femur model, which captured real-
istic aspects of the proximal region, greater trochanter, lesser trochanter, shaft, and 
distal regions. Additionally, the surface roughness characteristics of the bone were 
preserved. The femur CAD model was converted into the stereolithographic file 
format (STL) and put into the Rhinoceros® open-source program to assist further 
analysis. Figure 3a depicts the femur model used in this study.

A virtual total hip replacement (THR) surgery was conducted on the femur model, 
involving two sequential steps. In the first step, the femoral head section was cut 
at a specific angle of 50°, adhering to the THR standards set by the ASTM [29] 
(Fig. 3b). Following that, the innovative implant was put into the modified femur 
by first positioning the grooves parallel to the plane of the femoral incision and 
then advancing perpendicularly to the direction of the grooves. At the final position 
of the implant, the femoral cut surface and the implant neck were brought into 
close proximity. To establish the relationship between the innovative implant and 
the femur models in the next stages, the overlapping piece was removed from the 
femur, essentially simulating the construction of a cavity to permit the implant’s 
implantation and then reconstructed.
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Fig. 3 a Femur model, b Modified femur without the femoral head. Reproduce with permission 
[10]

2.2 Finite Element (FE) Modeling 

The femur and new implant models were loaded into FEA ICEM CFD 15.0 (FEA Inc., 
PA, USA), and volumetric meshes with 20-noded Solid 186 tetrahedral elements were 
generated. This element type was chosen because it can handle significant deflections, 
nonlinearities at contacts, and large strain deformations [30–33]. The volumetric 
meshes were loaded into mechanical APDL Product Launcher 15.0 (ANSYS Inc., 
PA, USA) for further analysis. The model was rotated 10 degrees laterally in the 
frontal plane and 10 degrees dorsally in the sagittal plane [10, 34] to mimic a normal 
femoral position and offer realistic normal loads. Normal loads were given to the 
femoral head in line with ASTM hip implant testing standards, and the distal part of 
the femur was restricted in all degrees of freedom (i.e., its solid connection to the 
lower extremity was imitated) [35]. The hip stem material properties (Ti6Al4V) and 
cortical and cancellous bone sections were taken from the literature [36] and are in 
accordance with ASTM standards [29]. 

A comprehensive analysis was performed to determine the appropriate mesh 
density that would ensure computational accuracy for the subsequent analyses. The 
convergence of the mesh was assessed by examining the percentage variation of 
von Mises stresses as the number of elements increased, with a focus on variations 
of ≤5% [25, 30, 32, 37–42]. Four meshes were generated, ranging from coarse to 
fine, with the total number of elements being 24,760, 49,780, 110,784, and 169,120. 
Figure 4 illustrates four of these meshes, along with the applied loads and constraints 
on the model.
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Fig. 4 View of a meshed FE model with loads and constraints and the four meshes (with different 
numbers of elements) used in the mesh convergence study. a 24,760 elements, b 49,780 elements, 
c 110,784 elements, and d 169,120 elements 

A contact pair was formed between the implant’s surface and the inside surface of 
the simulated femoral cavity produced during surgery simulation [30, 32, 37, 40]. Two 
types of contact conditions were studied: bonded, which represented an exceptionally 
snug fit between the implant and the femur, and frictional, which represented a typical 
fit between the implant and the femur. The contacts were defined as flexible using 
the augmented Lagrangian approach with a normal penalty stiffness factor of 1 and 
a penetration tolerance factor of 0.1. The initial penetration and surface offset of the 
contact surface were assumed to be zero. An automated correction for gap closure 
and penetration reduction was used for accurate contact representation. The frictional 
coefficient of 0.3, based on literature [43], was utilized for the analyses. Forces of 
1.5kN, 3kN, and 6kN were applied to simulate the peak loads experienced by the 
femoral head during various gait activities such as walking, running, and jumping 
[35]. The maximum von Mises stress created in the new implant was measured 
to conduct the mesh convergence investigation. The previously estimated optimal 
density mesh was subjected to the produced displacements and stresses in the femur– 
implant system. 

3 Results and Discussion 

3.1 Mesh Convergence Results 

The maximum von Mises stress experienced by the novel implant under different 
mesh densities was compared under loadings of 1.5 kN, 3 kN, and 6 kN (Fig. 5). 
A substantial variation in the peak von Mises stress was observed when transi-
tioning from 24,760 to 169,120 elements, indicating the influence of mesh sizing 
on the results. However, the variation was significantly reduced between 110,784 
and 169,120 elements, falling within a range of ±70 MPa. This range corresponds to
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Fig. 5 Peak von Mises stress versus number of mesh elements for different loadings 

approximately ± 5% of the results [25]. Consequently, the mesh comprising 110,784 
elements was deemed the most accurate and computationally efficient for subsequent 
analyses. 

3.2 Impact of Intact Analysis 

In orthopedics, accurate stress measurement is critical for understanding varied activ-
ities. This research aimed to look into the distribution of stress and strain in the 
femur during mid-stance. Two loading scenarios were considered: the hip joint reac-
tion force and the hip joint reaction force. The intact femur, representing the femur 
without any hip replacement, served as the baseline model for predicting the perfor-
mance of other models. The intact model faithfully replicated the properties and 
structure of a real femur bone, as depicted in Fig. 6. In the intact model, the total 
stress applied to the femur was measured at 777 Pa, with the cancellous part expe-
riencing a stress of 91 Pa (Fig. 6). The proximal region exhibited the highest stress, 
while the epiphysis demonstrated lower stress levels. The distal part of the bone 
experienced minimal to no stress.

3.3 Impact of Bonded Interface Implant Bone Model 

The bonded model closely resembles the actual model post-hip replacement, as 
illustrated in Fig. 6. In this model, the implant was inserted, the proximal region 
of the femur was removed, and the implant was placed perpendicular to the bone.
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Fig. 6 Von Mises stress distribution in the a anterior and b medial aspects of the cortical and 
cancellous bone

The von Mises stress contour plots for the cortical, cancellous, and implant models 
are presented in Fig. 7. The bonded model compares and evaluates the similarities 
between the realistic data and the intact model. As depicted in Fig. 7, the bonded 
model exhibits similar properties to the intact model. The maximum stress observed 
in the bonded model is 744.423 Pa. 

cancellous bone, and implant.

Fig. 7 Von Mises stress distribution in the a anterior and b medial aspects of the cortical, 
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Fig. 8 Displacement vector sum distribution in the a anterior and b medial aspects of the contact 
and bonded analysis 

3.4 Displacement Analysis of Implant Bone Model 

In both the analysis (contact and bonded model), the total maximum displacement 
vector sum is as shown in Fig. 8, and the value of the maximum displacement vector 
sum in the bonded analysis was 15.1 µm, and in the contact analysis, it was 13.1 µm. 
In both analyses, we give the boundary conditions (zero displacements in the distal 
region in the bone) and apply force vertically downwardly. The effect, as shown in 
Fig. 8, the maximum displacement is in the proximal region, where the hip stem and 
femoral bone are attached together. As the displacement between the femoral bone 
and hip stem is minimum, the pain of the patient will also be reduced. 

4 Conclusions 

This study produced a unique Ti6Al4V hip implant design that can overcome the 
obstacles associated with current hip implant-based failures. According to ASTM 
standards, implant dimensions were chosen to have big head and neck diameters for 
minimum stress shielding at the implant and a long stem for convenience of implant 
positioning. A novel corrugated design was implemented to guide and remove the 
implant during initial and revised surgeries. Computational modeling was used to 
surgically attach this implant to a femur (with both cortical and cancellous parts). 
Detailed mesh convergence research was performed to choose a computationally 
accurate finite element (FE) mesh. The effect of the new implant’s tight and frictional 
fit with the femur was investigated. The characterization of interfacial micro-motion 
and generated stresses was used to quantify stability and loading. For bonded fitting 
modes (i.e., tight and frictional), micro-motions as small as 13 m were recorded, 
which promotes bone development and minimizes wear. Overall stresses created at
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the implant and the femur were lower than those experienced by a healthy hip joint 
and were within elastic limits. While the stress and displacement distributions did 
not change considerably across the contact and bonded fit and frictional evaluations, 
the frictional analysis produced more realistic quantitative findings than the tight fit 
study. To date, no such strong design and numerical testing framework for femoral 
hip prosthesis has been developed, which could lead to improved long-term surgical 
standards and results. 
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Chapter 11 
Applications of 3D Printing in Medical, 
Engineering, Agricultural, and Other 
Sectors 

Shaik Himam Saheb 

1 Introduction 

In general, there are five steps in the 3D printing process. First, using any computer-
aided design (CAD) software (like Proe Catia, SolidWorks, etc.), a 3D model is 
produced. The surface geometry of the model is then written into. STL format that a 
3D printing machine can able to understand. The model is then divided into several 
layers so that the 3D printer may be fed printing instructions. The product is then 
extruded layer by layer in a 3D printer using Additive Manufacturing (AM) tech-
nology. Finally, post-processing is done to improve the 3D printed object’s print 
quality. Figure 1 shows the stages in 3D printing process.

2 Traditional Manufacturing vs Digital Manufacturing 

Traditional manufacturing and digital manufacturing are two distinct approaches to 
production processes. Here’s a comparison between the two methods. 

2.1 Traditional Manufacturing 

Traditional manufacturing refers to the conventional methods of manufacturing 
that have been in use for centuries. It involves physical processes and manual 
labor to produce goods. Some examples of traditional manufacturing techniques
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Fig. 1 Stages in 3D printing

are carpentry, machining, welding, forging, forming, sheet metal operations, etc. 
Here are some key characteristics of traditional manufacturing. 

Tools and Machinery: Traditional manufacturing relies on various tools and 
machinery such as lathe machines, drills, molds, and assembly lines to produce 
goods. These tools are operated manually or with the help of human labor. 

Prototyping: Traditional manufacturing often requires the creation of physical 
prototypes before full-scale production. This can involve additional time and cost to 
develop and refine prototypes. 

Mass Production: These methods are well suited for mass production of stan-
dardized goods. The assembly line approach allows for efficient production and 
economies of scale. 

Longer Lead Times: These processes typically have longer lead times due to 
the need for tooling, setup, and manual labor. Changes in production require 
reconfiguration of equipment, which can be time-consuming. 

Higher Cost: Traditional manufacturing processes often require a significant 
investment in machinery, labor, and facilities. This can result in higher production 
costs, especially for smaller batch sizes. Based on the required accuracy and preci-
sion, the cost of product varies as the customer needs a more accurate product then 
there are high possibilities of an increase in the production cost and vice versa. 

2.2 Digital Manufacturing 

Digital manufacturing is a big umbrella under this there are several techniques which 
use digital tools for manufacturing, additive manufacturing or 3D printing is a small 
branch under digital manufacturing, which is a relatively new approach that utilizes 
digital design and fabrication technologies. Here are some key characteristics of 
digital manufacturing, the various branches of digital manufacturing are shown in 
Fig. 2
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Fig. 2 Capabilities of digital manufacturing 

Digital Design: Digital manufacturing relies on CAD/any other geometric 
modeling software tool to create virtual 3D models of products. These models can 
be easily modified and shared digitally. Some of the digital fabrication techniques 
like computer numerical control and direct numerical control use G and M codes to 
control and to give instructions to machines in the form of digits. 

Layer-by-Layer Fabrication: In digital manufacturing, objects are created layer 
by layer by adding material rather than subtracting it. This allows for complex 
geometries and customization, whereas some processes involve step-by-step material 
removal. 

Rapid Prototyping: Digital manufacturing enables rapid prototyping as 3D printers 
can directly produce physical prototypes from digital designs. This speeds up the 
design iteration process. 

On-Demand Production: With digital manufacturing, products can be produced 
on-demand, eliminating the need for large inventories. This enables greater flexibility 
and reduces storage costs. 

Lower Cost for Small Batch Sizes: Digital manufacturing is particularly cost-
effective for smaller batch sizes since it doesn’t require costly tooling or setup 
changes. This makes it ideal for customization and niche markets. 

Reduced Waste: Digital manufacturing can be more sustainable compared to tradi-
tional manufacturing because it generates less waste material. It only uses the exact 
amount of material needed to build an object. 

It’s worth noting that traditional manufacturing and digital manufacturing are not 
equally exclusive. In some cases, they can complement each other within a production
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ecosystem, with traditional manufacturing methods being used for certain processes 
and digital manufacturing used for specific applications or customization. 

2.3 Digital Fabrication 

Digital fabrication refers to the process of using computer-controlled machinery and 
tools to create physical objects from digital designs. Digital fabrication typically 
involves the following steps, the possible capabilities are explained in detail by 
Hernandez et al. [1] 

Design: The object or product is first designed with the help of CAD software. 
The design can range from simple 2D shapes to complex 3D models. 

Digital Modeling: The CAD software creates a digital representation of the object, 
specifying its dimensions, geometry, and other relevant properties. 

Slicing: The digital model is divided into thin horizontal layers, creating a virtual 
representation of how the object will be built layer by layer. 

Machine Setup: The design is transferred to computer-assisted machines, such 
as 3D printers, laser cutters, CNC machines, or robotic arms. These machines are 
equipped with appropriate tools and materials. 

Fabrication: The machine executes the instructions from the digital design, 
following the specified tool paths and building the object layer by layer. The 
process can involve additive techniques (building up layers) or subtractive techniques 
(removing material). 

Digital fabrication enables precise and customizable manufacturing with various 
materials, like plastics, metals and non-metals, and composites. The technology 
has gained popularity due to its ability to produce complex shapes, reduce lead 
times, and provide cost-effective solutions for small-scale production and a variety 
of applications. 

3 Additive Manufacturing 

AM technology, also referred to as 3D printing where the manufacturing of 
objects done by layer-by-layer material addition, the detailed process of additive 
manufacturing is described. 

Design: The design is saved as a digital file in a specific format (such as STL or 
OBJ) which is read by the 3D printer. 

Slicing: The digital design is processed by slicing software that divides it into 
a series of thin horizontal layers. Each layer is typically a fraction of a millimeter 
thick, depending on the capabilities of the 3D printer. After slicing the printing of 
the object starts.
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Material Deposition: The printer nozzle or extruder moves along the X, Y, and 
Z axes, depositing material in a precise pattern according to the sliced design. The 
material can be in the form of filament, powder, liquid resin, or even metal. 

Layer-by-Layer Building: The printer starts from the bottom layer and builds 
upward, adding one layer at a time. Each layer fuses or solidifies with the previous 
layer, creating a cohesive structure. After this step, the post-processing of the end 
product is processed. 

Design Flexibility: Complex geometries and intricate internal structures can be 
created without the constraints of traditional manufacturing processes. 

Customization: Each object can be easily customized or personalized without 
incurring additional costs or time-consuming processes. 

Rapid Prototyping: Additive manufacturing allows for the quick production of 
prototypes, enabling faster design iterations and reducing development cycles. 

Reduced Waste: The process is more material-efficient as it only uses the necessary 
amount of material to build the object, minimizing waste. 

Additive manufacturing is widely used in various industries, including aerospace, 
automotive, health care, consumer products, and education. It continues to advance, 
with ongoing research and development focusing on new materials, improved 
printing techniques, and larger scale production capabilities. There are different types 
of 3D Printing processes as discussed by different researchers. Some of the major 
additive manufacturing processes are given below: 

3.1 Fused Deposition Modeling (FDM) 

It involves creating 3D objects by depositing layer by layer of molten thermoplastic 
material in a predetermined pattern. The basic steps of FDM 3D printing are as 
follows: 

FDM 3D printing has several advantages, including.

. A wide range of material options: PLA, ABS, PETG, TPU, and other materials 
can be used in FDM printers, offering different properties like strength, flexibility, 
and temperature resistance.

. Cost-effectiveness: FDM printers are relatively affordable, making them acces-
sible to a broad audience.

. Simplicity: FDM printing is straightforward and user-friendly, making it an 
excellent choice for beginners and hobbyists.

. Strong and functional parts: FDM-printed objects can be structurally robust and 
suitable for various functional applications. 

However, FDM also has some limitations, such as limited printing resolution 
compared to other 3D printing techniques like stereolithography or selective laser 
sintering and the need for support structures for overhangs and complex geometries.
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3.2 Stereolithography and Digital Light Processing 

These technologies use liquid resin that is cured layer by using a UV light source. 
The resin hardens when exposed to the light, creating the desired object. SLA was 
one of the earliest 3D printing technologies developed by Charles Hull. In SLA, a 
liquid photopolymer resin is used as the raw material. This resin is sensitive to light, 
particularly ultraviolet (UV) light. The SLA 3D printer has a platform that can move 
vertically. It starts the printing process by lowering the platform to just below the 
surface of the liquid resin. A UV laser or a digital light projector (DLP) then exposes 
specific areas of the liquid resin with the desired cross section of the 3D model. 
The UV light causes the resin to solidify and become a thin layer. SLA gives high-
resolution and fine prints, making it suitable for applications that require precision and 
smooth surface finishes. SLA is used in industries such as automotive, aerospace, 
jewelry, and health care for producing prototypes, custom parts, and investment 
casting patterns. 

Digital light processing is another 3D printing technology that also utilizes 
photopolymer resins, similar to SLA. It was developed in the mid-1980s, with 
Texas Instruments pioneering the digital micromirror device (DMD) technology 
that became crucial for DLP 3D printing. Unlike SLA, where a laser selectively 
cures the resin, DLP uses a digital projector to flash an entire layer of the 3D model 
onto the resin at once. The DLP projector contains an array of micromirrors, each 
representing a pixel of the projected image. These micromirrors tilt to either allow 
light to pass (solidifying the resin) or block the light (leaving the resin in its liquid 
state), depending on the digital model’s layer information. DLP is generally faster 
than SLA since an entire layer is cured in one exposure. However, it may have a 
slightly lower resolution due to the fixed pixel size of the projector. DLP is also used 
in various industries for producing prototypes, dental models, jewelry, and other 
objects that require relatively high detail and smooth surfaces. Both SLA and DLP 
offer advantages such as high precision, intricate details, and excellent surface quality 
compared to FDM (Fused Deposition Modeling). However, the choice between SLA 
and DLP depends on specific project requirements, desired resolution, speed, and 
budget considerations. 

3.3 Selective Laser Sintering (SLS) 

In this process, a laser selectively fuses powdered material, typically polymers or 
metals, layer by layer. The unfused powder acts as support for the printed object. 
However, SLS utilizes a different approach and material compared to these other 
technologies. The main features of SLS are as follows: 

Powder-based Technology: SLS employs a powder-based approach. Instead of 
using filament or liquid resin, SLS 3D printers use a powdered material as the raw
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material. Common materials include nylon (polyamide), thermoplastic elastomers, 
and even metal powders for metal 3D printing. 

Sintering Process: The SLS process involves selectively sintering the powdered 
material with the help of a high-powered laser. The laser scans and fuses the powder 
particles together, layer by layer, based on the 3D model data. 

Heated Build Chamber: SLS 3D printers have a heated build chamber to maintain 
a controlled temperature during the printing process. This prevents the printed layers 
from warping and helps in achieving better mechanical properties. 

No Need for Support Structures: SLS does not require support structures to hold up 
overhangs or complex geometries. The unsintered powder surrounding each printed 
object acts as a natural support during the printing process. SLS can use versatility 
in materials. 

Industrial and Functional Applications: SLS is commonly used in indus-
trial settings for manufacturing functional prototypes, end-use parts, tooling, and 
components with high mechanical and thermal properties. 

Selective laser sintering is known for its ability to produce parts with good strength, 
durability, and intricate geometries, making it a valuable technology in industries 
like aerospace, automotive, health care, and consumer goods. However, it requires 
specialized equipment and is typically more expensive than FDM or SLA 3D printing. 
One of the advantages of EBM is its faster printing speed compared to SLM, as the 
electron beam can scan larger areas more quickly. EBM is also performed in an inert 
gas atmosphere to prevent oxidation during the melting process and ensure the mate-
rial’s integrity. EBM is often utilized in industries where high-quality, geometrically 
complex metal parts are required, particularly in the aerospace and medical fields. 

Both SLM and EBM are well suited for manufacturing end-use metal parts 
with high mechanical properties, excellent surface finish, and intricate geometries. 
However, the choice between the two technologies depends on specific require-
ments, material preferences, and budget considerations. These additive manufac-
turing methods have significantly contributed to advancements in various industries, 
revolutionizing how complex metal parts are designed and produced. 

4 Advancements of 3D Printing: 4D Printing 

It is an emerging technology that builds upon the principles of 3D printing but adds 
the dimension of time. It refers to the procedure of creating objects that can self-
transform or change their shape, structure, or functionality over time in retort to 
external stimuli, like heat, water, light, or other environmental factors. The fourth 
dimension in 4D printing is time, representing the object’s ability to morph or adapt 
after the initial printing. an overview of how 4D printing works is shown in Fig. 3.

Design: Similar to 3D printing, the procedure begins with a digital model creation 
or design of the object using CAD software. However, in 4D printing, additional 
parameters are specified to indicate how the object should transform or behave over 
time.



166 S. H. Saheb

Fig. 3 Working Principle of 4D Printing

Material Selection: Special materials known as “smart materials” or “pro-
grammable materials” are used in 4D printing. These materials possess specific prop-
erties that allow them to respond to external stimuli and change their shape or behavior 
accordingly. Common examples include shape-memory polymers, hydrogels, or 
composites with embedded responsive components. 

Printing and Activation: The object is 3D printed using the selected smart mate-
rials. The printing process may involve multiple layers or components that are strate-
gically designed to interact with each other and trigger the desired transformation. 
Once the printing is complete, the object is typically in a dormant or temporary state. 

Stimulus and Transformation: When exposed to the appropriate environmental 
stimulus, such as heat, water, light, or a specific trigger, the smart materials within the 
4D printed object respond and initiate the transformation. This can involve changes 
in shape, folding, expansion, contraction, or other desired actions. The transforma-
tion occurs as a result of the material’s inherent properties or the arrangement of 
responsive components within the object. 

The potential applications of 4D printing are diverse and still being explored as 
follows: 

Biomedical Applications: 4D printed objects can have applications in medicine 
and healthcare, such as self-assembling implants, drug delivery systems, tissue 
engineering scaffolds, or devices that adapt to a patient’s specific anatomy. 

Architecture and Construction: 4D printing can enable the creation of structures 
that can change their shape or adapt to different conditions, such as self-assembling 
buildings or structures that respond to environmental changes. 

Robotics and Manufacturing: 4D printing can be used to produce adaptive or 
shape-shifting components for robots, machinery, or devices that need to change 
their functionality based on the surrounding conditions. 

Aerospace and Defence: The technology could be utilized in the creation of adap-
tive components for aerospace applications, such as morphing wings or structures 
that adjust their shape during flight. 

Consumer Products: 4D printing has the potential to revolutionize the design and 
functionality of consumer products, including clothing, footwear, furniture, or toys 
that can self-transform or adapt to user preferences.
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4D printing is still an active area of research and development, with ongoing efforts 
to refine the materials, printing processes, and design techniques. As technology 
advances, it is expected to open up new possibilities for dynamic and responsive 
objects, enabling innovative solutions across various industries. 

5 Applications of 3D Printing 

3D printing has found applications in various fields which helps to solve tradi-
tional engineering problems. Many researchers explained various applications of 
the additive manufacturing process in [2–4]. 

Manufacturing: 3D printing is ever more used for small production, custom manu-
facturing, and on-demand production of parts and products. The cost-effectiveness 
rate is high when compared with traditional manufacturing in case of mass 
production. 

Quick Prototyping: 3D printing allows for the quick production of prototypes, 
enabling faster design iterations and reducing the time and cost associated with 
traditional prototyping methods. 

Consumer Products and DIY: 3D printing has opened up avenues for personal 
creativity, allowing individuals to design and print their own objects, toys, acces-
sories, and household items. 

Aeronautical Engineering: 3D printing has several applications in the aeronautical 
fields, the number of small intricate parts is replaced with single intricate structure 
or part, which reduces the wear and vibrations. 

5.1 3D Printing Applications in Medical Field 

3D printing has made significant contributions to the medical field, revolutionizing 
the way healthcare professionals approach patient care, surgical planning, medical 
training, and the production of custom medical devices [5, 6]. Here are some key 
applications of 3D printing in the medical field. The human anatomy and the possible 
3D printing parts are shown in Fig. 4

. Patient-Specific Anatomical Models: 3D printing enables the creation of highly 
accurate patient-specific anatomical models based on medical imaging data, such 
as CT or MRI scans. These models help surgeons visualize complex structures, 
plan surgical procedures, and improve patient outcomes by practicing on an accu-
rate replica before the actual surgery. They can be used for preoperative planning, 
education, and enhancing communication between healthcare teams and patients.

. Custom Implants and Prosthetics: 3D printing allows for the production of patient-
specific implants and prosthetics tailored to individual anatomies. By utilizing 3D
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Fig. 4 The 3D printing applications around the human anatomy 

scans of patients, implants or prosthetics can be precisely designed and manu-
factured to fit unique anatomical structures, leading to improved comfort and 
functionality. This technology has been particularly beneficial in craniofacial 
reconstruction, orthopedics, and dental applications.

. Surgical Guides and Instrumentation: 3D printing enables the creation of surgical 
guides and instrumentation that assist surgeons during complex procedures. 
Customized guides can be designed based on patient-specific anatomy to ensure 
precise placement of surgical tools or implants. These guides enhance surgical 
accuracy, reduce surgical time, and minimize risks [7].

. Medical Education and Training: 3D printing provides valuable tools for medical 
education and training. Medical schools and training institutions can produce 
anatomical models, surgical simulators, and educational aids to enhance the 
learning experience. These models allow students and trainees to gain hands-
on experience, practice surgical techniques, and improve their understanding of 
complex anatomical structures.

. Pharmaceutical Applications: 3D printing has also been applied to the fabrication 
of personalized medications, such as customized drug dosage forms or multi-
drug combinations in a single pill. This technology has the potential to improve 
medication adherence, dosage accuracy, and patient outcomes. 

The use of 3D printing in the medical field continues to evolve, driven by advance-
ments in materials, printing techniques, and regulatory frameworks. It has the poten-
tial to revolutionize patient care, enable personalized medicine, and shape the future 
of health care.
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5.2 3D Printing in Medical Field During COVID 

During the COVID-19 pandemic, 3D printing played a critical role in supporting 
the medical field in various ways. The technology was harnessed to address urgent 
needs for personal protective equipment (PPE), medical devices, and other supplies. 
Here are some specific applications of 3D printing in the medical field during the 
COVID-19 pandemic the detailed explanation of the application are as follows:

. Face Shields and Masks: 3D printing was used to rapidly produce face shields 
and mask components, which are crucial for protecting healthcare workers from 
exposure to the virus. By utilizing 3D printing, manufacturers and individuals were 
able to quickly respond to the shortage of PPE and provide additional protective 
gear to healthcare facilities.

. Ventilator Parts and Accessories: As the demand for ventilators surged during 
the pandemic, 3D printing was utilized to manufacture critical components and 
accessories for ventilators. This included valves, adapters, splitters, and other 
essential parts. 3D printing helped to bridge the supply gap and provide life-saving 
equipment to patients in need.

. Nasopharyngeal Swabs: 3D printing was instrumental in the production of 
nasopharyngeal swabs, which are used for COVID-19 testing. The technology 
allowed for the rapid production of swabs when there was a shortage of tradi-
tional swabs. 3D printed swabs were designed and validated to meet medical 
standards, enabling increased testing capacity.

. Isolation Wards and Temporary Structures: 3D printing was employed to fabricate 
components for temporary isolation wards and structures. This included partitions, 
modular walls, and other elements needed to quickly set up temporary medical 
facilities to accommodate the increased number of patients.

. Education and Training Tools: 3D printing served as a valuable tool for medical 
education and training during the pandemic. It enabled the production of anatom-
ical models, simulators, and training aids that allowed healthcare professionals to 
enhance their skills and knowledge while adhering to social distancing measures. 

It’s worth noting that, while 3D printing played a crucial role in addressing imme-
diate needs during the COVID-19 pandemic, the manufactured components and 
equipment still needed to meet specific safety and regulatory standards. Extensive 
collaboration and validation processes were undertaken to ensure the quality and effi-
cacy of 3D printed medical devices and supplies. The collaborative efforts between 
3D printing experts, medical professionals, regulatory authorities, and manufacturers 
demonstrated the versatility and agility of the technology in responding to urgent 
healthcare challenges. The experiences and knowledge gained during the pandemic 
will likely inform and shape future applications of 3D printing in the medical field.
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5.3 Dental Applications of 3D Printing 

3D printing has made significant advancements in dental applications, revolution-
izing various aspects of dentistry, including diagnostics, treatment planning, pros-
thetics, and orthodontics. Here are some key areas where 3D printing has been utilized 
in dental applications: 

Dental Models: 3D printing allows for the production of accurate and highly 
detailed dental models. These models are used in diagnostics, treatment planning, 
and the creation of various dental appliances. With 3D printing, dental professionals 
can quickly create physical models of patients’ teeth and oral structures, facilitating 
better visualization, analysis, and communication. 

Surgical Guides: 3D printing enables the creation of precise surgical guides for 
dental implant placement and other oral surgeries. By utilizing preoperative scans 
and 3D printing technology, custom surgical guides can be fabricated, providing 
dentists with precise guidance during procedures, improving accuracy, and reducing 
surgery time. 

Prosthetics and Restorations: 3D printing has transformed the fabrication of dental 
prosthetics and restorations, such as crowns, bridges, and dentures. With digital scan-
ning and CAD/CAM technology, dental professionals can design and manufacture 
highly accurate and customized dental restorations. 3D printers can produce these 
restorations using materials that closely mimic the natural appearance and properties 
of teeth, resulting in improved aesthetics and functionality. 

Clear Aligners and Orthodontic Appliances: 3D printing has revolutionized 
orthodontics by enabling the production of clear aligners, such as Invisalign, and 
other orthodontic appliances. Through digital scans and 3D printing technology, 
custom aligners and retainers can be fabricated, offering patients a more comfort-
able and discreet alternative to traditional braces. 3D printing also allows for the 
creation of orthodontic models and appliances used in treatment planning. 

Dental Surgical Instruments and Guides: 3D printing has facilitated the production 
of custom surgical instruments and guides used in dental procedures. Dentists can 
design and manufacture specialized instruments tailored to specific patient cases or 
unique anatomical structures. This customization enhances precision, efficiency, and 
patient outcomes during surgical interventions. 

Dental Education and Training: 3D printing has become a valuable tool in dental 
education and training. Dental schools and training programs utilize 3D printed 
models, simulators, and replicas of dental structures for hands-on learning. This 
technology enables students and professionals to practice procedures, improve their 
skills, and gain a better understanding of dental anatomy and treatment techniques. 

The integration of 3D printing in dentistry has resulted in improved accuracy, 
customization, and efficiency in various dental procedures. It has transformed the 
way dental professionals diagnose, plan treatments, and fabricate dental appliances, 
enhancing patient care and outcomes. As the technology continues to advance, 3D 
printing is expected to further expand its role in dentistry, enabling more innovative 
solutions and personalized treatments.



11 Applications of 3D Printing in Medical, Engineering, Agricultural … 171

5.4 3D Printing Applications in Prosthesis 

3D printing has had a profound impact on the field of prosthetics, offering numerous 
applications and benefits. Here are some key ways in which 3D printing has been 
used in the production of prostheses: 

Customization: 3D printing allows for the creation of highly personalized and 
custom-fitted prosthetic devices. By utilizing 3D scanning technology, the exact 
shape and dimensions of the residual limb can be captured and used to design a 
prosthetic that perfectly fits the individual’s anatomy. This customization enhances 
comfort, function, and overall satisfaction with the prosthesis. 

Complex Geometries: 3D printing enables the fabrication of prosthetic compo-
nents with intricate and complex geometries. This includes the creation of organic 
shapes, lattice structures, and internal cavities that can optimize the weight, strength, 
and flexibility of the prosthesis. By tailoring the design to meet specific functional 
requirements, 3D printing allows for the production of prostheses that closely mimic 
the natural movements of the limb. 

Lightweight and Comfortable Design: 3D printing enables the production of pros-
thetic devices that are lightweight, yet durable and robust. Traditional manufacturing 
methods often involve the use of materials that can be heavy and uncomfortable for 
the user. However, 3D printing allows for the use of lightweight materials, such as 
carbon fiber-reinforced polymers, which significantly improve comfort and ease of 
use. 

Cosmetic Covers and Aesthetics: 3D printing allows for the creation of cosmetic 
covers and aesthetic enhancements for prosthetic devices. Using various materials 
and design techniques, 3D printed covers can closely resemble the appearance of 
natural limbs or be customized with unique patterns and designs. These covers not 
only enhance the aesthetic appeal of the prosthesis but also promote self-confidence 
and acceptance. 

Assistive Devices and Accessories: 3D printing has facilitated the production of 
assistive devices and accessories that complement prosthetic limbs. These can include 
tools, attachments, or adaptive equipment specifically designed for prosthetic users 
to enhance their functional capabilities and improve daily activities. 

The use of 3D printing in prosthetics has significantly advanced the field, allowing 
for greater customization, improved functionality, and increased accessibility of pros-
thetic devices. It has empowered individuals with limb loss to have prosthetic solu-
tions tailored to their unique needs, enabling better mobility and quality of life. 
However, it’s important to note that while 3D printing offers numerous benefits, it 
should be integrated with the expertise and guidance of prosthetists and healthcare 
professionals to ensure proper fit, function, and ongoing care of the prosthetic device.
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5.5 3D Printing Applications in Agriculture Industries 

Equipment and Tools: 3D printing allows for the rapid production of custom equip-
ment and tools tailored to specific agricultural needs. Farmers and agricultural 
professionals can design and fabricate specialized parts, components, and proto-
types on demand, reducing downtime and costs associated with traditional manufac-
turing methods. This includes creating replacement parts for machinery, customized 
irrigation components, sensor mounts, and more. 

Precision Farming: 3D printing can contribute to precision farming techniques by 
enabling the production of custom sensor housings, drone parts, or other devices for 
data collection and analysis. This facilitates the implementation of precision agri-
culture practices, such as soil and crop monitoring, pest management, and efficient 
resource utilization [8, 9]. 

Farming Structures and Greenhouses: 3D printing can be used to construct 
farming structures, such as greenhouses, hydroponic systems, and vertical farming 
modules. The technology offers the flexibility to create intricate designs and optimize 
structures for specific growing conditions. 3D printed components can be lightweight, 
durable, and tailored to the unique requirements of indoor farming environments. 

Agricultural Prototypes and Research: Researchers and agricultural scientists can 
leverage 3D printing to fabricate prototypes for experimental purposes and innovative 
agricultural technologies. This accelerates the development and testing of new ideas, 
allowing for faster iterations and refinement of agricultural techniques. 

Plant Tissue Culture and Biotechnology: 3D printing techniques, combined with 
biofabrication, hold promise in plant tissue culture and biotechnology applications. 
It enables the creation of complex scaffolds, microfluidic systems, or bioreactors 
for the growth and manipulation of plant tissues, cells, and microorganisms. This 
technology may have implications for plant breeding, tissue engineering, and plant-
based pharmaceutical production. 

Customized Farming Solutions: 3D printing can facilitate the creation of custom-
designed solutions for specific farming challenges. For example, farmers can develop 
innovative irrigation systems, livestock management devices, or animal housing 
structures that are tailored to their unique needs, optimizing efficiency and animal 
welfare. 

It’s important to note that 3D printing in agriculture is still an evolving field, and 
there are challenges to be addressed, such as scalability, material availability, and 
cost-effectiveness. However, as technology advances and becomes more accessible, 
it holds the potential to transform agricultural practices, improve productivity, and 
contribute to sustainable and innovative farming methods.
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5.6 3D Printing Applications in the Architecture Field 

3D printing has emerged as a valuable tool in the field of architecture, providing archi-
tects and designers with new possibilities for design, prototyping, and construction 
[10]. Here are some key applications of 3D printing in the architecture field: 

Conceptual Design and Visualization: 3D printing allows architects to create 
physical models of their designs, aiding in visualizing and communicating their 
concepts more effectively. These models provide tangible representations of archi-
tectural spaces, allowing clients, stakeholders, and design teams to better understand 
the proposed designs in three dimensions. 

Prototyping and Iterative Design: 3D printing enables architects to quickly 
produce scaled-down prototypes of building components, allowing for iterative 
design processes. It facilitates the exploration of different design variations and 
the evaluation of structural, aesthetic, and functional aspects before committing to 
full-scale construction. 

Complex Geometries and Customization: 3D printing offers architects the freedom 
to design and fabricate complex geometries that would be challenging or costly to 
achieve with traditional construction methods. It enables the creation of unique, intri-
cate, and customized architectural elements, such as façade components, ornamental 
features, and interior fixtures. 

Rapid Production of Building Components: 3D printing can be employed to 
produce building components, such as wall panels, partitions, and façade elements, 
with faster production times and reduced costs compared to traditional manufacturing 
methods. This can help streamline the construction process, improve efficiency, and 
facilitate customization. 

Sustainable Construction: 3D printing in architecture has the potential to 
contribute to sustainable construction practices. By using precise material depo-
sition, 3D printing minimizes waste and optimizes material usage. It also allows for 
the integration of sustainable materials, such as recycled plastics or bio-based mate-
rials, in the printing process, promoting environmental consciousness in building 
construction. 

Construction in Challenging Environments: 3D printing offers advantages in 
construction projects in remote or challenging environments. It provides the capa-
bility to construct structures on-site, reducing transportation costs and logistical chal-
lenges associated with conventional construction methods. This makes 3D printing 
a viable solution for emergency shelters, disaster relief, or off-grid construction. 

5.7 3D Printing Applications in Aerospace Industries 

3D printing, also known as additive manufacturing, has had a significant impact on the 
aerospace industry. It has revolutionized the way aerospace components are designed,
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prototyped, and manufactured. Here are some key applications of 3D printing in the 
aerospace field [11]. 

Lightweight and Complex Components: 3D printing allows for the creation of 
lightweight structures with complex geometries that were previously challenging or 
impossible to achieve using traditional manufacturing methods. By building compo-
nents layer by layer, 3D printing enables the production of intricate designs, opti-
mized for strength-to-weight ratios. This helps reduce the overall weight of aircraft, 
leading to fuel efficiency and improved performance. 

Rapid Prototyping and Design Iteration: 3D printing allows aerospace engineers 
to quickly produce prototypes of complex parts and test them for fit, function, and 
performance. This accelerates the design iteration process, enabling engineers to 
refine designs and make necessary adjustments more efficiently. Rapid prototyping 
also supports faster innovation and shorter development cycles for new aerospace 
technologies. 

Customized and Low-Volume Production: Aerospace applications often require 
customized components tailored to specific aircraft or mission requirements. 3D 
printing provides the flexibility to produce low-volume, highly customized parts 
without the need for expensive tooling or molds. This reduces manufacturing lead 
times and costs associated with producing unique or small-batch components. 

Engine Components and Turbine Parts: 3D printing has been used to manufac-
ture complex engine components and turbine parts. These components require high 
precision and withstand extreme temperatures and stresses. By utilizing advanced 
metal printing techniques, such as Direct Metal Laser Sintering (DMLS) or Electron 
Beam Melting (EBM), aerospace manufacturers can produce durable, heat-resistant 
parts with intricate internal structures and optimized cooling channels. 

Repair and Maintenance: 3D printing has proven valuable in the repair and 
maintenance of aerospace equipment. It allows for the on-demand production of 
replacement parts, reducing the need for extensive inventory and long lead times 
for sourcing specialized components. This is particularly beneficial for older aircraft 
models or discontinued parts that may be challenging to obtain through traditional 
supply chains. 

Space Exploration: 3D printing is being explored for its potential use in space 
exploration and colonization. It offers the ability to manufacture tools, spare parts, 
and even habitats using local resources, such as lunar or Martian regolith. This reduces 
the need for extensive payload during space missions and opens up possibilities for 
long-duration space travel and establishing sustainable colonies. 

The 3D printing technologies continue to advance, the aerospace industry is 
expected to leverage its capabilities for more critical components and larger scale 
production. However, challenges related to certification, material performance, and 
scaling production still need to be addressed to fully integrate 3D printing into 
aerospace manufacturing workflows. Nonetheless, the technology’s potential to drive 
innovation, reduce costs, and enhance performance makes it an exciting prospect for 
the future of aerospace.
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5.8 3D Printing Applications in Film Industry 

While the use of 3D printing in the film industry is not as widespread as in some 
other fields, it has still found valuable applications, primarily in the production of 
props, costumes, and visual effects. Here are some ways in which 3D printing has 
been utilized in the film industry: 

Prop Design and Production: 3D printing allows filmmakers to create highly 
detailed and intricate props efficiently. Whether it’s futuristic weapons, creature 
masks, or unique objects, 3D printing provides a cost-effective and time-saving 
method for producing custom props. It enables filmmakers to achieve complex 
designs that would be challenging or expensive to create through traditional 
manufacturing methods [12]. 

Costume Design and Accessories: 3D printing has been employed in costume 
design to create intricate and elaborate pieces. It allows for the fabrication of 
customized accessories, jewelry, armor, and other elements that can enhance the 
visual appeal and authenticity of characters. 3D printing offers designers the flexi-
bility to experiment with various designs and materials, pushing the boundaries of 
creativity in costume design. 

Special Effects and Prosthetics: 3D printing has been used to create special effects 
and prosthetics for films. By utilizing 3D scans of actors, prosthetic limbs, facial 
masks, or creature features can be custom-designed and manufactured with precise fit 
and intricate details. This technology enables the production of realistic and visually 
compelling special effects that enhance storytelling and character development. 

Miniatures and Set Design: 3D printing has been utilized in the creation of minia-
tures and set design for films. It allows for the production of highly detailed models 
of buildings, landscapes, vehicles, or other elements required for the film’s visual 
effects or practical effects. 3D printing provides a cost-effective and time-efficient 
method for producing intricate and accurate miniatures, helping filmmakers bring 
their vision to life. 

Pre-visualization and Prototyping: 3D printing supports the previsualization 
process in filmmaking. It allows filmmakers to create physical prototypes of sets, 
props, or characters, enabling them to visualize and refine their designs before 
committing to full-scale production. This helps streamline the creative process, saves 
time, and allows for more accurate planning and budgeting. 

While 3D printing in the film industry offers exciting possibilities, it’s important to 
note that it is often used in conjunction with traditional manufacturing techniques and 
craftsmanship. The integration of 3D printing into film production workflows requires 
collaboration between designers, technicians, and artists to ensure the seamless inte-
gration of digital fabrication techniques with traditional filmmaking processes. As 
the technology continues to advance, 3D printing is likely to play an increasingly 
significant role in the film industry, providing filmmakers with more creative freedom, 
efficiency, and cost-effectiveness in the production of props, costumes, visual effects, 
and set design.
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6 Conclusions 

3D Printing technologies have many promising applications in the present engi-
neering world and there lot many more applications in the coming future. These 
techniques have reduced the time to conceptualize the ideas, build, and test the 
prototypes. The applications of 3D printing have proven to be transformative across 
numerous industries and engineering fields. The technology has revolutionized 
manufacturing and design processes, enabling new levels of customization, effi-
ciency, and cost-effectiveness. Key areas of application include prototype manu-
facturing and model development, precision equipment manufacturing and produc-
tion, and architecture. Additive manufacturing usage in supply chains democratizes 
production and empowers individuals and businesses to create complex and intricate 
objects with relative ease. As the technology evolves continuously, can anticipate 
future advancements, increased adoption, and the materialization of even more inno-
vative applications in the future. 3D printing is emerging into 4D printing with various 
advanced applications, the major drawback with these technologies is cost, as these 
technologies are not cost effective for mass production. 
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