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A B S T R A C T   

In industries as diverse as automotive, aerospace, medical, energy, construction, electronics, and food, the en-
gineering technology known as 3D printing or additive manufacturing facilitates the fabrication of rapid pro-
totypes and the delivery of customized parts. This article explores recent advancements and emerging trends in 
3D printing from a novel multidisciplinary perspective. It also provides a clear overview of the various 3D 
printing techniques used for producing parts and components in three dimensions. The application of these 
techniques in bioprinting and an up-to-date comprehensive review of their positive and negative aspects are 
covered, as well as the variety of materials used, with an emphasis on composites, hybrids, and smart materials. 
This article also provides an updated overview of 4D bioprinting technology, including biomaterial functions, 
bioprinting materials, and a targeted approach to various tissue engineering and regenerative medicine (TERM) 
applications. As a foundation for anticipated developments for TERM applications that could be useful for their 
successful usage in clinical settings, this article also examines present challenges and obstacles in 4D bioprinting 
technology. Finally, the article also outlines future regulations that will assist researchers in the manufacture of 
complex products and in the exploration of potential solutions to technological issues.   

1. Introduction 

In the last three decades, additive manufacturing (AM) technology 
has advanced significantly and is currently being used in a variety of 
sectors. This technology has been referenced by an array of labels, 
including rapid prototyping (RP), layered manufacturing (LM), and solid 
free-form fabrication (SFF) [1]. Recently, AM applications have greatly 
increased in a variety of industries, including the biomedicine, energy, 
automobile, aerospace, and automotive industries [2]. For aerospace 
systems, where complex layouts and materials such as titanium alloys, 
nickel superalloys, and high temperature refractories are routinely used, 
AM offers an economical alternative to conventional production tech-
niques [2,3]. In this sense, several structural and operational automotive 
elements, such as engine exhausts, drive shafts, gearbox parts, and 
braking devices for low-volume automobiles, can also be produced at a 
lower cost through the use of AM. The biomedical sciences are 
increasingly utilizing 3D printing (3DP), proving its usefulness for 

numerous research and medical applications. The manufacture of im-
plants for bones, biological scaffolds, artificial organs, medicine devices, 
microvasculature networks, and biological chips is without a doubt 
among the most significant uses of AM [4,5]. 

The 3DP manufacturing process is based primarily on computer- 
aided design (CAD), which is later divided into layers by appropriate 
software and fed to a 3D printer to proceed with computer-aided 
manufacture (CAM) [6]. Charles W. Hull registered the first patent for 
the 3D printer on 8 August 1984; however, it was named an apparatus 
for the production of 3D objects by Stereolithography (SLA) [7]. He 
defined this process as the "printing" of consecutive layers of material on 
top of one another to produce a 3D object. Hull’s technique required 
directing ultraviolet (UV) rays onto liquid photopolymers, which are 
curable liquids [7]. Subsequently, he continued acquiring patents for 
AM, including one for the standard tessellation language format (STL), 
which integrates the CAD with the 3D printer [8]. Since then, SLA has 
remained the most popular AM technique despite going through many 
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changes and the introduction of several new types of printers [9]. When 
Scott Crump obtained a patent for fused deposition modeling (FDM) in 
1992, the manufacturing industry underwent an evolution. Components 
are produced by extruding material, typically a thermoplastic polymer 
in the form of a filament, through a nozzle that is computer controlled on 
an XY platform [10]. Michael Cima and Emanuel Sachs, two professors 
at the Massachusetts Institute of Technology, did not receive their patent 
for the "3D printer" until 1993. With the use of an inkjet printhead and a 
binder application method, their invention could be used to print objects 
composed of plastic, metal, and ceramic. 

Table 1 shows the four main components of the effective parameters 
in AM: input, method, materials, and applications. When AM is 
addressed, the word "input" typically refers to the digital design files 
(like CAD files) that the printer uses. Although numerous methods have 
been established for AM systems, they typically fall into four categories: 
(1) slicing and connecting, (2) melting and hardening or combining, (3) 
joining or binding, and (4) photocuring. The last kind can be further 
classified into a single laser beam and a double laser beam [11]. There 
are several different types of materials that can be used in AM systems, 
including solid, liquid and powder [11]. Pellets, wires, and laminates are 
examples of solid materials. Paper, polymer, wax, resins, metals, and 
ceramics are some common materials used in AM. Applications are 
divided into three groups in a variety of industries: manufacturing and 
tooling, engineering and analysis, and design [11]. 

Global awareness of 3DP is increasing as it develops and has a 
transformative impact on how items are manufactured in a variety of 
fields, including healthcare and medical [12], aerospace and trans-
portation [13], food industry [14], digital art, textiles and clothing [15], 
and architecture and construction design [16]. Considering many as-
pects of AM and the critical variables that could influence the produc-
tion properties is essential in order to choose the ideal type of AM for 
particular applications. Fig. 1 describes the most recent 3DP procedures, 
as well as the application and custom characteristics of the final 
products. 

2. Classification of 3D printing techniques 

One of the most problematic aspects of the various AM methods 
available for 3DP is that the authors’ categorization of the diverse ap-
proaches varies slightly depending on the literature. Each technique 
may also be subcategorized according to the technology on which the 
equipment is built, giving a complicated and perhaps misleading picture 
of the global issue. It is typical to encounter scientific papers that refer to 
the same AM approach under several titles, making it difficult to 

correlate information and obtain a comprehensive grasp of AM. How-
ever, the most widely used classification is the one offered by the ISO/ 
ASTM 52900:2015 standard, which differentiates AM processes into 
seven major classes: (1) Vat Photopolymerization (VP); (2) Material 
Jetting (MJ); (3) Binder Jetting (BJ); (4) Powder Bed Fusion (PBF); (5) 
Material Extrusion (ME); (6) Directed Energy Deposition (DED); and (7) 
Sheet Lamination (SL) [17,18]. Fig. 2 shows a schematic representation 
of AM processes classified according to ISO/ASTM 52900: 2015 stan-
dard [17,18]. 

To construct an object, the printing method includes image acqui-
sition, image processing, and 3DP, as illustrated in Fig. 3 [19,20]. The 
stage of image acquiring includes imaging the object to be printed using 
X-rays, computed tomography (CT), or magnetic resonance imaging 
(MRI) [20]. The second stage involves image processing employing 
software capable of segmenting images and producing a 3D CAD surface 
model in STL format using a 20 triangle mesh [21]. Once the image 
processing step is finished, the slicer program receives the STL file and 
begins to slice it in layers [22], according to the parameters determined 
by the 3DP technique and the material used. Using the 3D model, a 
software generates a tool path plan in the form of a g-code file, providing 
the printer with the motion path required to deposit ink at the correct 
location and time [23]. After that, the 3DP builds the object 
layer-by-layer until it produces a construct that may require physical or 
chemical cross-linking for structural stability. 

When comparing AM to subtractive manufacturing (cutting, drilling, 
micromachining, etc.) and formative manufacturing techniques (cast-
ing, forging, welding, etc.), ISO/ASTM 52900:2015 standard defines AM 
as the process of integrating materials to produce parts from 3D model 
data, typically layer-by-layer [24]. When compared to more conven-
tional subtractive manufacturing, typically involves cutting the required 
shape from a block of material, layer-by-layer fabrication drastically 
reduces material waste and enables the fabrication of complicated ge-
ometries [25]. 

2.1. Material Jetting (MJ) 

Material Jetting (MJ), as illustrated in Fig. 4, uses micronozzles to 
deposit a thin layer of photopolymer or wax-like materials on the surface 
of the build platform [26]. With this technology, a layer of liquid is 
initially printed on the build plate, and then it is UV-hardened. The 
building plate is lowered so that the following layer could be printed on 
top. The polymer layer is photopolymerized with UV light, and the 3D 
object is built up layer-by-layer [26]. Multiple materials can be pro-
duced at once using one or more printer heads. The rationale is that each 

Table 1 
Input, materials, methods and application of additive manufacturing.  
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of the several nozzle arrays functions as a distinct channel. The utili-
zation of micronozzles enables multi-material printing and the 
employing of soluble supports to stabilize the printed object if it has a 
difficult shape. The supporting material is simply removed after the 3D 
impression and the finished product is obtained with a very good surface 
finish remaining. The printers used by MJ can produce layers with a 
thickness of 50–25 µm, and the manufactured items have a high reso-
lution [27,28]. MJ technology offers higher productivity, a larger range 
of part sizes, and a wider availability of materials than other techniques 
such as Vat Photopolymerization. In a standard practical MJ system, the 

materials are deposited by fifty up to hundreds MJ nozzles [28]. 
Compared to other processes, the mechanism of MJ is significantly 

easier because printing machines do not need complicated components. 
High manufacturing speed is another advantage of this method [29]. In 
fact, the ability of this method to manufacture parts so quickly with high 
resolution and adequate surface polish depends on hundreds or thou-
sands of nozzles [29,30]. Additionally, the ability to print both 
multi-material and multicolour items distinguishes it from other AM 
technologies. In comparison, the most significant drawbacks or re-
strictions of MJ could be listed as high prices, poor mechanical 

Fig. 1. The most recent 3D printing procedures, as well as the application and customized properties of the final products.  

Fig. 2. An overview of the techniques used in additive manufacturing according to ISO/ASTM 52900:2015 [17,18].  

Fig. 3. Schematic of the various phases in the three-dimensional printing process.  
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characteristics (photopolymers cured with UV tend to lose mechanical 
characteristics over time), restricted durability and material selection. 
Besides, MJ also finds limitations in biomedical applications due to the 
UV light used to cure the photopolymeric materials [30]. 

There are two basic types of MJ that may be distinguished based on 
how droplets are produced and released: continuous stream (MJ-CS,  
Fig. 5a) and drop on demand (MJ-DOD, Fig. 5b). 

2.1.1. Continuous-Stream mode (MJ-CS) 
In MJ-CS mode (Fig. 5a), the fluid flow is split into droplets upon 

release from the nozzle by a continuous column of fluid under constant 
pressure. Vibration, disturbance, or jet modulation may cause this 
splitting [31]. The droplets travel through a charging zone to control the 
speed of deposition before being diverted to their destinations by 
high-voltage deflection plates. The plus side of this approach is its rapid 
rate of deposition, which may find application in medicinal labeling 
[31]. The drawbacks, however, include the need for the material 
employed to be able to transfer charge and the expense of recycling of or 
reusing the deflected droplets after the fluid is released [31]. 

2.1.2. Drop-on-demand mode (MJ-DOD) 
In contrast to continuous operation, MJ-DOD (Fig. 5b) produces 

distinct droplets immediately from the nozzle [31]. Pressure increases 
within each nozzle cause droplets to develop at specific times as a result 
of thermal, piezoelectric, electrostatic, acoustic or other actuators [31]. 
The liquid material is continuously blasted out of the nozzle in contin-
uous mode, where it breaks into individual droplets after leaving the 
spray head. To ensure that the jet separates into discrete drops of 
consistent size, vibrations can, for example, regulate the time of split-
ting. After leaving the nozzle, the material droplets must be redirected in 
the required direction to ensure that they are sprayed only onto the 
structure at the intended place. As a result, the droplets either already 
possess an electric charge or first pass through a charged field before 
receiving one. In a deflecting field, the particles are then redirected to 
the desired point. The MJ-DOD approach has the advantage of produc-
ing considerably smaller droplets, which allows for better resolution of 

the latter object, while MJ-CS can manufacture droplets much faster 
than MJ-DOD. Another issue is that unwanted drops must be discarded 
or reinserted into the system, which could waste material or cause the 
repurposed substance to lose its sterility [32]. 

2.2. Binder Jetting (BJ) 

As stated by Saches et al., Binder Jetting technology (BJ) is an 
integration of the MJ-AM and PBF-AM techniques [33]. BJ, often known 
as inkjet printing, is the second most common 3DP method used in the 
construction sector [34]. The setup has two chambers: one is a powder 
tank, while the other is a platform for construction [35]. The method 
binds particles, which might be made of polymers [36], ceramics [37], 
metals [38], or composites [39], according to a 3D model employing a 
number of nozzles to deliver a liquid binder to the powder bed. Fig. 6 
shows the layout of a BJ system. 

While acting as a bonding agent, the binder is applied to the print bed 
initially in a thin film, and then is carefully coated on the powder layer 
in accordance with the pattern of the current layer. Subsequently, this 
procedure is repeated layer by layer until the final design is created, as 
illustrated in Fig. 7 [35]. This 3DP technology does not involve high 
temperatures or a laser since the powder particles are bound by the 
liquid binder rather than sintering or melting, allowing the production 
of large parts at reasonable cost [40]. The item produced (also known as 
the "green body") is removed from the building platform for additional 
post-processing when the bonding process is complete [41]. To improve 
the physical characteristics of the final product, the “green body” must 
undergo energy-based consolidation [41]. 

For metallic parts in particular, post-processing is a challenging 
phase in BJ that needs to be properly handled. The “green body” must be 
de-binded for 6–12 h before being heated at a specific temperature for a 
specific amount of time, depending on the type of metal. Consolidation, 
infiltration, and sintering are all stages of heat treatment. The BJ process 
can be described in general terms as follows [42]:  

• Printing. Regardless of the cutting-edge materials being produced, 
the current BJ process is identical to that of its older iteration [42].  

• Curing cycle. In BJ, which uses the build box, the powder bed and 
the parts produced are frequently cured simultaneously to eliminate 
the remaining binder in the manufactured piece [43]. Binder system, 
printed component design, component wall thicknesses, powder bed, 
and printed job box height all have an impact on the curing tem-
perature and duration [43]. Typically, a curing phase is used to 
enhance the binding between the binder and the powders through 
further polymerization and crosslinking [44]. A binder is sprayed by 
jetting, and it dries while printing. In contrast, curing involves 
heating the entire building box for eight hours in an oven at 
185–200ºC to strengthen the mechanical characteristics of the prin-
ted components [44]. 

Fig. 4. Schematic diagram of Material Jetting (MJ).  

Fig. 5. Material Jetting deposition modes: (a) continuous (b) and drop-on de-
mand droplet. Fig. 6. Schematic diagram of Binder Jetting (BJ).  
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• De-powdering. After curing, the “green body” must be cleaned of 
extra or loose powder to make them durable enough to handle [44].  

• Measuring the “green body” strength after the curing and de- 
powdering phases.  

1. Pyrolysis or Burnout step. Binder-jetted parts are exposed to a 
burning cycle as soon as the cured green items are ready for 
densification.  

2. Impacts of residual matter and material chemistry. Once the 
binder has been gasified or degraded and most of the green compo-
nent has been eliminated, there may occasionally still be some ox-
ygen and carbon left [45].  

• Sintering and/or Infiltration. After curing and de-powdering, the 
relative density of the “green body” is typically between 50% and 
60%. To achieve the desired density along with the targeted me-
chanical properties, further densification can be performed using a 
variety of methods [45].  

1. Infiltration. The remaining porosity can be completely eliminated, 
and the full density can be reached with almost no dimensional 
modifications by infiltrating an alloy (such as bronze with steel) with 
a lower melting temperature than the 3DP matrix.  

2. Sintering. The alternative method for densifying BJ components is 
sintering, a process during which BJ pieces shrink in order to remove 
its printing-induced porosity. The sintering environment, powder 
shape, powder composition, surface area, and pressurized spray 
deposition (PSD) all have an impact on the kinetics and densification 
of the sintering. The dynamics and linear shrinkage of densification 
are both impacted by PSD. Given that shrinkage, microstructure, 
porosity, and phase formation in the final product can be affected by 
PSD. 

Finishing. BJ pieces typically have an average surface roughness of 
6 µm (Ra) after sintering, and post-processing is essential to enhance 
surface finish [45]. The two processes that are most frequently used to 
improve surface quality are bead blasting and tumble polishing; how-
ever, additional processes, including plating, machining, extrude hon-
ing, surface infiltration, and hand polishing, are also effective. Tumble 
polishing can produce an average surface roughness of 1.25 µm, how-
ever bead blasting can only decrease it to a maximum of 7.4 µm. 

The BJ technique also makes extensive use of ceramic particles in 
addition to metal powders. Similar steps are taken to remove the poly-
mer binder from ceramics using a thermal decomposition. Additionally, 
after sintering, a ceramic-metal composite part can be produced with 
metal powders. With regard to the vast majority of polymer powders, the 
"green body" is typically ready for use without requiring any additional 
post-processing. However, depending on the final product, some green 
bodies made from polymer powders may require post-processing pro-
cesses [28]. 

BJ has recently been used for waveguide circuits, antennas, solid 
oxide fuel cells, electronic devices, culinary technology, concrete con-
struction, renewable biobased materials, ceramic scaffolds, biopolymers 
and biomedical applications including drug delivery [46]. Combining 
PBF with MJ, BJ involves depositing a single layer of powdered material 
on the printing bed and afterward depositing a liquid binder at the 
curing locations. Typically, this technique is applied to metals, ceramics, 
and sands [47,48]. However, once the binder is removed, the manu-
factured item is frequently heated and sintered to improve its mechan-
ical characteristics, requiring post-processing, which prolongs and 
increases the cost of the entire process [49]. The ability to print 
complicated designs in several materials, as well as the low cost and 
comfortable operating conditions, make this AM technology attractive 
for medical uses, including bone tissue engineering [50]. Thus, BJ is a 
reasonably inexpensive, high-speed process that can be utilized in mass 
production. 

BJ is similar to the MJ technique, as was already stated. As a result, it 
has additional advantages in addition to the multiple upsides of MJ [39]. 
It is a faster process than MJ since only a tiny volume fraction of the 
whole amount (binder) needs to be deposited [31,39]. On the other 
hand, the BJ mechanism makes it easier to produce composite compo-
nents by mixing powder materials and additives with a binder liquid 
[38]. Some material compositions that are difficult to be fabricated 
through traditional procedures might be achieved through this process. 
Additionally, larger solid-volume fraction binder slurries can be used in 
BJ [39]. Besides, BJ is an effective procedure for building multicolor 
parts, as it allows the addition of different colors while printing [31,51]. 

BJ has the following extra advantages [44,52–54]:  

• Almost all powdered materials are compatible with it. The suitability 
of a material for its use on BJ depends on a number of parameters, 
including the extent to which it can be powdered and the way in 
which it interacts with the binder.  

• Concerns with oxidation, residual stress, elemental segregation, and 
phase shifts are eliminated since the shaping process occurs at 
ambient temperature in a normal atmosphere. Due to this, the 
powder surrounding the components in the build box is quite 
recyclable.  

• Due to the fact that BJ devices do not employ costly sealed chambers 
for vacuum or inerting, they can also produce some of the biggest 
build volumes of any AM technologies (up to 2200⋅1200⋅600 mm) 
while maintaining the exceptional inkjet resolution.  

• The job box includes loose powder to support the part (no need for 
support material). Each part design produced during printing with BJ 
will not really require a support structure.  

• To partially cure the binder during construction, a minimal amount 
of heating is used. Because no significant heating or melting occurs 
during BJ, thermally produced stresses and distortions in BJ com-
ponents are therefore avoided. 

Fig. 7. Binder Jetting 3D printing process.  
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• It can be used to make huge amounts of parts more quickly and 
cheaply. BJ is additionally more suitable than other AM methods for 
particular geometries and fine details.  

• Depending on the sintering temperature and time, various densities 
with controllable porosity with respect to size and shape are possible. 

• Since this technology is based on deposition, by varying the depo-
sition material, especially in the case of natural-structure imitation, 
matrix, and reinforcement phase, it is easy to produce multi-material 
and multicolored parts. 

However, the major drawback of BJ state as follows:  

• Densification and curing are required as post-processing procedures 
in the multistep BJ [55]  

• Given that printed parts have a lower relative density (50%) than 
other parts, densification after this point usually results in significant 
geometric deformation [56].  

• Lower resolution and higher surface roughness are typical of the part 
produced (0.5–50 m) [57].  

• Improvement of a post-processing procedure is still necessary for the 
majority of materials. 

The primary downside of the BJ process at present is its incapacity of 
predicting the sizeable quantity of distortion that takes place when 
sintering single alloys at their full density. This further reduces the 
process’ overall accuracy when manufacturing single-alloy parts, that 
are substantially larger compared to metal injection molding (MIM) size. 
The surface smoothness generated by this process is inferior to that of 
MJ or VP, and the strength of the components manufactured by this 
method is inferior to that of DED [58]. Additionally, the powder must be 
partially melted in the post-processing stage of the sintering process to 
generate dense pieces with reliable mechanical characteristics [31]. 

2.3. Vat polymerization (VP) 

The fundamental concept of VP is to expose liquid polymeric pre-
cursors to UV-Vis light that promotes their polymerization and, there-
fore, solidification, and then repeat this operation layer-by-layer [59]. 
VP as seen in Fig. 8, is based on the selective curing of photopolymer 
resins, typically with UV-Vis light [59]. In comparison to other AM 
methods, dimensional precision and surface finish are the two main 
advantages associated with VP techniques. However, VP has limitations 
for use in medicine due to its expensive price tag, the requirement of 
manually removing support structures and postprocessing, and the 
limited choice of materials available (only photocurable polymers can 
be used) [60]. In an effort to expand the application of this strategy, 
several materials have been produced, such as investigating nano-
composites by adding nanoscale reinforcements to resin [61]. 

There are two primary forms for the photopolymerization process, 
which are as follows: 

2.3.1. Stereolithography (SLA) 
The most popular VP-AM method, stereolithography (SLA, Fig. 9a), 

employs CAD/CAM software with a pre-programmed design or shape to 
concentrate a UV laser in a vat of photopolymer liquid resin [62]. The 
UV laser causes the resin to photochemically polymerize, forming a 
layer of the desired object. This procedure is performed for each layer of 
the design until the 3D item is complete[62]. This process is shown in 
Fig. 9b. SLA has excellent resolution and speed, yet it has numerous 
drawbacks: (i) it requires supporting structures to avoid deflection 
caused by gravity or to maintain newly produced sections that must be 
manually removed after printing [63]; (ii) despite having a rapid 
printing speed relative to other AM approaches, each layer is generated 
by a line-by-line path of the UV laser, resulting in a time-consuming 
procedure [64]; (iii) UV radiation can harm cells and tissues, and 
therefore has limited biomedical utility [64]. 

2.3.2. Digital Light Processing (DLP) and Continuous Liquid Interface 
Nature (CLIP) 

To be able to overcome the obstacles brought about by the SLA 
technique, Digital Light Processing (DLP, Fig. 10a) projects a photomask 
that quickly cures each layer separately using digital microscopy capa-
bilities, as illustrated in Fig. 10b [65]. As the aforementioned processes 
are discrete in nature, Continuous Liquid Interface Production (CLIP) 
allows the curing of the photopolymer layers in continuum, thanks to a 
dead zone of uncured resin between the cured resin and an 
oxygen-permeable membrane [66]. Oxygen works as a photo-
polymerization inhibitor, preventing the resin from adhering to the 
printing substrate and allowing for continuous printing of 3D objects 
between 25 and 100 times faster than DLP [60]. Furthermore, the me-
chanical properties of the printed item are isotropic because the CLIP 
procedure is continuous and does not entail the formation of stacked 
layers. 

2.4. Powder Bed Fusion (PBF) 

The Powder Bed Fusion technique (PBF) illustrated in Fig. 11 is a 
form of AM that melts powdered polymer, metal or ceramic materials 
using thermal energy (laser or electron beam) [67,68]. 

After the first layer has been sintered, the subsequent layer of powder 
is added to the powder bed. The thickness of each layer is determined by 
the distance from the completed layer’s surface to the bottom edge [67]. 
Depending on the substance, its thickness can vary; for example, for 
metal powders, it can vary from a few tens of microns to 100 µm, 
whereas polymer systems have been found to have a thickness in the 
50–150 µm range [68]. Once the layer has been placed on the plate, an 
energy beam is directed to the powder bed to create a slice of the object 
based on three-dimensional data. The instrument performs similar 
procedures for subsequent layers to complete the object after the first 
layer is completed. This process is shown in Fig. 12. PBF has attributes 
that include outstanding dimensional accuracy of the final item, high 
printing quality, and high resolution [68]. These attributes enable PBF 
technology to fabricate a wide variety of objects with intricate structural 
details. In many diverse fields, including aerospace, electronics, lattices, 
tissue engineering scaffolds, etc., this technique is frequently used for 
cutting-edge applications. Furthermore, PBF allows the printing of a 
wide range of materials, including composites, metals, ceramics, and 
polymers [67]. PBF, in comparison, has a slow processing time and 
significant expenses, which restricts its use. The high porosity in the 
finished products, in the case of powders fused with a binder, is another 
disadvantage of this method. Additional limiting parameters that must 
be selected with care include particle shape, size distribution, and size, 
with spherical particles of a particular size being employed to achieve 
the best results [69]. 

The PBF category can be subcategorized into four main technological 
subcategories [70]. (i) Selective laser sintering (SLS), which is utilized 
for plastics; (ii) direct metal laser sintering (DMLS), which is used for Fig. 8. Schematic diagram of Vat photopolymerization (VP).  
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metals, including alloys; (iii) selective laser sintering (SLM), also used 
for metals; and (iv) electron beam melting (EBM), which operates 
similarly to SLM, with the exception that instead of using a laser, a 
high-energy electron beam is employed to melt the metal powder par-
ticles [71]. 

2.4.1. Selective Laser Sintering (SLS) 
This SLS-AM technique illustrated in Fig. 13 involves heating 

microscopic particles with a powerful laser to temperatures where 
molecules can fuse together without completely melting them. As a 

result, the energy beam employed for this operation must be carefully 
adjusted. For instance, SLS systems employ a CO2 chamber controller 
and laser outputs in the range of 30–200 W. SLS is used to sinter any 
powdered material that does not decompose under a laser beam, such as 
polymers (polyether ketone, PEEK) or ceramics (hydroxyapatite, HA) 
[72]. A range of powder materials, including polyamide, steel, titanium, 
metallic alloys, ceramic powders, etc., has also previously been sintered 
by SLS. However, nowadays this technique is no longer employed to 
produce metal components [27]. 

2.4.2. Direct Metal Laser Sintering (DMLS) 
DMLS is a well-known method for producing metal alloys utilized in 

a variety of fields, including aerospace, medicine, dentistry, etc. Since a 
liquid phase forms throughout the process, the powder cannot serve as a 
support; therefore, it is required to use an external support [27]. The 
mixed powder made of structural components and the binder can be 
produced using four different methods [17].  

a) Separate particles: the final powder contains both structural and 
binder particles that have been thoroughly mixed. Smaller binder 
particles may result in less shrinkage and reduced porosity in 
finished parts, according to the literature [27]. 

b) Composite particles, which contain both structural and binding ele-
ments in each particle. Mechanical alloying is often used to create 

Fig. 9. Diagrammatic representation of stereolithography (SLA).  

Fig. 10. Schematic diagram of digital light processing (DLP).  

Fig. 11. Schematic diagram of Powder-Bed Fusion (PBF).  
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composite particles. Having improved surface quality after the pro-
cess is an advantage of these particles over separate particles [27].  

c) Coated particles: Such particles allow for the coating of structural 
material with a binder, improving flow characteristics, laser energy 
absorption, and structural particle binding [26]. 

d) Pre-alloyed Particles: Each particle is an alloy made up of a combi-
nation of structural and binder components [17]. This type of par-
ticle cannot be divided into separate portions, which differentiates it 
from composite particles. In this scenario, only a portion of the 
particle melts, and the newly produced liquid phase breaks the 
particle into smaller pieces. 

2.4.3. Selective laser melting (SLM) 
Similarity to SLS, the SLM technique employs a potent laser energy to 

fuse the powder (316 L stainless steel, cobalt-chromium alloys, and ti-
tanium alloys) in a layer-by-layer manner as determined by the points 
specified by CAD file data, melting and consolidating each layer as it 
goes to create the final 3D product. Thermal energy itself is enough to 
melt the thin powder layer and fuse it to the previously formed layers. 
Consequently, the final products have compact architectures, excellent 
dimensional precision, and exceptional mechanical properties [73]. The 
ability to print layers with a thickness of 75–150 µm has recently been 
made possible by the introduction of a few contemporary machines with 
multi-laser technology [27]. 

Metallic alloys and semicrystalline polymers are the materials that 
are the most frequently used in SLM. For the highest strength to be 
achieved, nylon polymer, a common semicrystalline polymer, must be 

completely melted. The materials employed in this technique for metal 
parts include cobalt chrome, steel, stainless steel, aluminum, and tita-
nium alloys. When these metallic alloys are processed using SLM, their 
high melting and solidification produce a number of desirable features 
that conventional casting techniques would not be able to achieve [31]. 

The main issue that arises during the melting of metallic particles is 
oxidation. For example, metal particles that have grown oxide on their 
surface have less wettability. An additional issue with oxides in SLM 
processing is the possibility that they become trapped within the molten 
metal and create weak points within the component, lowering me-
chanical properties. Additionally, some metals with high reflectivity, 
such as aluminum, require higher laser strengths in SLM than in SLS. 
Additionally, increased laser power requirements caused by high ther-
mal conductivity of metals may lead to higher energy and material costs 
[74]. 

2.4.4. Electron beam melting (EBM) 
Fig. 14a illustrates electron beam melting (EBM), which works 

similarly to selective laser melting (SLM) but melts metal powder par-
ticles using a high-energy electron beam as opposed to a laser [71]. In 
reality, two magnetic fields focus the electrons to the required spot with 
the desired diameter of 0.1 mm after they have been expelled from a hot 
tungsten filament. When the beam strikes the powder bed, the quick 
electrons’ kinetic energy is converted to thermal energy, which causes 
the powder to melt [75]. The EBM unit consists of a powder distribution 
system, vacuum chamber (10–4 torr), build tank, and electron beam 
guns [76,77]. The powder is fed into the bed through a rake framework, 

Fig. 12. Powder Bed Fusion (PBF) process.  

Fig. 13. Schematic diagram of SLS/SLM processes.  
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which is heated by an electron beam at the initial stage [76]. This causes 
the layer thickness to be 2–3 times higher than it has to be since the 
particles are randomly arranged next to one another with gaps. The 
thickness is decreased to the appropriate level with the melting of the 
powder layer [77]. Once the layer printing is completed, the platform is 
lowered to a layer thickness of (0.05–0.2 mm). Then another layer of 
powder is introduced, and the procedure is repeated until the whole 
thing is created, as illustrated in Fig. 14b. With the use of helium, 
cooling could last up to 6 h, depending on the size and nature of the 
object [77]. Various devices have been made in several industries, 
including the medical and aerospace sectors, using EBM. EBM is a 
technique used to manufacture metal parts made of Inconel 718 super-
alloy, titanium, and cobalt alloys [28,77]. 

Among the many advantages of EBM over laser processing is that, for 
the identical input energy, producing a beam energy from an electron 
beam is substantially more affordable. The quick beam movability of the 
EBM is another benefit that significantly accelerates manufacturing. Due 
to the greater bed temperature of EBM processing as opposed to laser 
manufacturing, minimal residual stress is arguably the most intriguing 
advantage [77]. However, the selection of materials is the major limi-
tation of this technique. Only metal powders are used with EBM since 
the conductivity of the powder bed is crucial [31]. An additional issue 
with EBM is that electrical conduction from the plate to the powder is 
necessary for avoiding electron charging [31,77]. 

2.5. Directed Energy Deposition (DED) 

Directed Energy Deposition (DED), illustrated in Fig. 15, commonly 
referred to as Direct Metal Deposition (DMD), functions similarly to 

FDM. DED can be used with a variety of materials, such as metal matrix 
composites, polymers, and ceramics; however, it is most often used with 
metal parts [78]. The printing head melts metal in the form of powder or 
wire through the use of an electron or laser beam, which is then extruded 
and cooled [47,79]. The process is conceptually similar to material 
extrusion (ME), however with DED, a nozzle can travel in many di-
rections along up to five separate axes, as opposed to only three for 
typical ME machines. The nozzle’s varied degrees of flexibility making it 
perfect for maintenance and generating higher-quality products. The 
only limitation of this technique is that a balance between production 
speed and surface quality must be kept [58]. 

DED can refer to a variety of technologies [80]. Each is designed to 
perform a unique and distinct function, varying in how the material is 
fused. The following are the most common.  

• Optomec LENS technology. In LENS 3D systems, lasers are employed 
to produce products in a layer-by-layer method using powdered 
metals, alloys, ceramics, or composites [81]. The LENS process must 
occur in a sealed room that contains argon to maintain extremely low 
levels of oxygen and moisture to avoid oxidation and preserve the 
cleaned part. The metal powder is provided directly to the deposition 
head and advances to the next layer after one layer has been 
deposited. Several layers are stacked on top of one another to create 
the full part. The completed item is removed and can then be heated, 
heated, isostatically pressed, machined, or polished. [81].  

• Optomec Aerosol Jet Technology. Operational antennas for LTE, 
NFC, GPS, Wi-Fi, WLAN, and BT may be printed for a reasonable 
price using Optomec Aerosol Jet 3D printing technology [82]. This 
technology is comparable to straightforward deposition techniques; 
however, it works better for complex compound curved surfaces. 
Aerosol Jet systems are ideal for creating, enhancing, and main-
taining high-performing electrical and biological devices for con-
sumer electronics, semiconductor packaging, displays, 
aerospace/defense, automotive, and life sciences uses. The aerosol 
jet approach can be used employing a wide range of substances, 
comprising semiconductors, dielectric pastes, conductive nano-
particle metal inks, and other functional materials [83]. 

• An approximately ten times quicker powder nozzle than PBF tech-
nology is used in Laser Deposition Welding (LDW) and hybrid 
manufacturing by DMG MORI, as shown in Fig. 16a [84]. A 5-axis 
milling machine manufactured by DMG MORI also incorporates 
LDW-AM technology. The adaptability of the laser metal deposition 
process and the accuracy of cutting procedures are combined in this 

Fig. 14. Schematic diagram and process of the EBM system.  

Fig. 15. Schematic diagram of Direct Energy Deposition (DED).  
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cutting-edge hybrid system to enable production [85]. Due to this 
combination, high-precision metal components in a range of sizes 
can be produced [85]. 

• Electron Beam Additive Manufacturing (EBAM) 3D printing tech-
nique illustrated in Fig. 16b, is an AM process used to create massive 
metal components. Metal deposition rates range from 3 to 9 kg per 
hour [86,87]. Metals that can be combined include titanium, 
tantalum, and nickel. The DED technique can also be used to repair 
damaged parts. 

2.6. Sheet Lamination (SL) 

With this AM technique, as shown in Fig. 17, sheets of material are 
sliced and bonded together to create a part. Originally designed for 
architectural paper models, it is now applicable to a wide range of 

materials, including metals [47]. Sheet Lamination (SL), also called 
Laminated Object Manufacturing (LOM), is a process that connects and 
stacks sheet materials such as metals, ceramics, or composite fibers layer 
by layer to create 3D items [88]. These sheets are stacked on top of each 
other, and each layer is bonded to the one below it by using an adhesive. 
This bonding ensures that the layers adhere securely to create a cohesive 
structure. As shown in Fig. 17, once a layer is bonded, it is cut or shaped 
according to the object’s design using techniques like laser cutting or 
knife cutting. 

This procedure employs a limited number of polymers, metals, and 
ceramics [89]. It is less expensive than other processes and can be used 
to quickly produce enormous pieces, while the excess material left can 
be recycled [90]. However, there are difficulties in manufacturing its 
interior structure during the cutting phase of waste materials; hence, this 
technology has not been widely used [91]. SL uses metal laminates that 

Fig. 16. Schematic diagram of (a) laser powder feed system and (b) electron beam wire feed system.  

Fig. 17. Schematic diagram of LOM system.  
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can be several millimeters thick [91,92]. This increases productivity, 
lowering the cost of printed components, while making the process more 
cost effective than other AM methods [92]. However, SL does not meet 
expectations when it comes to producing items with complicated shapes 
and high surface precision. The increase in laminate thickness to expand 
production frequently results in a noticeable staircase effect [92,93]. SL 
is classified into two categories: "bond then form" (sheets are bonded 
prior to being cut to shape) and "form then bond" (sheets cut to shape 
initially and subsequently bonded) [89]. 

2.6.1. Ultrasonic Additive Manufacturing (UAM) 
Ultrasonic Additive Manufacturing (UAM), also referred to as Ul-

trasonic Consolidation (UC), combines subtractive pattern milling and 
ultrasonic metal junction welding [94]. The sheet materials are bonded 
together, and the item is constructed onto a heated plate by rotating a 
sonotrode at a low-energy ultrasonic frequency [94,95]. The UAM 
shown in Fig. 18 is one of the most efficient methods for creating metal 
parts with the fewest changes in characteristics since objects can be 
produced from bottom to top at relatively mild temperatures between 
room temperature and 200 ◦C [95]. The piece is ultimately milled to 
achieve the appropriate shape. 

UAM, on the other hand, can be thought of as a bond-then-form 
procedure, where the object is created after ultrasonic bonding. The 
most important factors that affect bonding quality in UAM include 
oscillation amplitude, average force, travel rate, and temperature [96]. 
The amount of ultrasonic energy is measured by the oscillation ampli-
tude, with a larger amplitude indicating more energy [96]. According to 
published research, increasing the input of ultrasonic energy results in 
improved welding (bonding) quality [31]. However, depending on 
thickness, material and shape, there may be an ideal degree of input 
energy that must be used in harmony with the welding moving speed. 
Layers must have a sufficient load exerted on them by the sonotrode to 
achieve the optimal metallurgical bonding. Metals can form bonds more 
easily when heated, but too much heat will have negative effects [31, 
96]. 

2.7. Material Extrusion (ME) 

Material Extrusion (ME), depicted in Fig. 19, is one of the most 
widely used 3DP technologies due to its low cost and ability to be used 
with little or no additional equipment [97]. In the literature, it is 
alternately referred to as Fused Deposition Modeling (FDM), Fused 
Filament Fabrication (FFF), or Direct Ink Writing (DIW, which is typi-
cally utilized when the extruded material is a highly viscous and 
concentrated polymer) [97]. This process involves melting the materials 
and forcing them through a number of nozzles (extruders) to build up 
the 3D item layer-by-layer [98]. Printing with multiple materials at once 
can be achieved with various nozzles. Once a layer is printed, the build 
platform descends and the subsequent layer is deposited and adhered to 
the top of the preceding layer [98]. 

The diameter of the nozzle is a key factor in the extrusion process, as 
it determines the size and form of the material that is extruded. More 
material is deposited on the construction platform as a result of the 

larger diameter, which also lowers the accuracy of the manufacturing 
[98]. The thermoplastic polymers most frequently used are polylactide 
(PLA) and acrylonitrile butadiene styrene (ABS) [17]. It is also common 
to find composite materials that combine various polymers with addi-
tional materials such as carbon fiber, para-aramid fibers (Kevlar fiber, 
KF), wood, etc. [17]. The three types of extruders utilized in this tech-
nique are plunger-based, filament-based, and screw-based, with fila-
ment extrusion being the most commonly used than the others [98]. 
These 3D printers are commercially affordable and are a well-liked op-
tion for homes or small businesses.  

• Filament-based extruder (Fig. 20a). In this method, an already- 
formed polymer filament is remelted and extruded into the desired 
shape, where it quickly hardens [99]. The technical term for 
filament-based AM is FDM, also known as FFF [99]. To ensure 
continuous printing, the filament must simultaneously meet two 
opposing requirements in terms of quality, in addition to strict 
dimensional limits on the diameter of the filament (usually ∅ 
± 20 µm) [100,101]. These properties, which have to do with stiff-
ness and flexibility, assure that the filament cannot bend in the 
feeding system while still enabling it to be spooled in the winding 
machine [100].  

• Screw-based extruder (Fig. 20b). A heated extrusion vessel is used to 
soften or liquefy a solid pelletized feedstock before it is advanced 
through the nozzle aperture by rotating the helical screw [102]. 
There is consensus that the use of pellets rather than filaments allows 
higher extrusion speeds and solid loading [103].  

• Plunger-based extruder (Fig. 20c). This technique uses a plunger and 
a liquid-state material with a high solid content. Compared to their 
screw-based counterparts, plunger-based extruders are typically less 
precise in the start/stop phases; however, they do not need solid 
subproducts for feeding, such as filaments or pellets [104]. 

Table 2 sums up the fundamental ideas, advantages and disadvan-
tages, and materials for various 3D printing processes. 

3. Materials for 3D printing 

3DP is thought to be one of the most inventive ways to fabricate 
different components from a variety of materials. An extensive variety of 
industries, including automotive, aerospace, medical, construction, 
electronics, and food industries, can use a variety of materials from 
many categories, such as metals, ceramics, polymers, composites, and 
hybrids. High-quality materials must meet rigorous standards in order 
for 3DP to reliably generate products of outstanding quality. To do this, 
the producers, consumers, and end users of the material agree to certain 
procedures, requirements, and material control obligations. Materials 
that can be used to create fully functional objects using 3DP technology 
include ceramics, metals, polymers, and their combinations in the form 
of hybrid, composite, or functionally graded materials. 

Regarding 3DP materials used for biomedical applications, these 
biomaterials are categorized in four generations to the clinical needs of 
each generation. Since 1950, first-generation inert biomaterials have 
been manufactured and adopted to assist in the substitution of host 
tissue or healing processes while generating no negative effects on the 
biological system. Cobalt alloys, alumina, and stable polyurethane were 
among them, and they were crucial for use in orthopedic and dental 
applications. Ceramics such as alumina (Al2O3) and zirconia (ZrO2) are 
examples of these materials. Since 1960, these materials have been used 
in total knee replacements, hip balls, and 120 femoral head implants 
[121]. The second generation of biomaterials emerged as a result of poor 
adhesion and implant loosening and the demand for materials with 
bioactive surfaces that are capable of building intricate interactions with 
the tissue. Therefore, since 1970, when the application of biodegradable 
materials was explored, materials with bioactive or biodegradable 
characteristics have been investigated [122]. Second-generation Fig. 18. Schematic diagram of the UAM system.  
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biomaterials include, for instance, titanium and calcium phosphates, 
particularly hydroxyapatite [123,124]. The next phase of the study 
focused on finding temporary materials that can slowly degrade in a 
controlled manner to ensure natural integration of the implant with the 
living tissue that is intended to replace. Researchers are actively 
examining the bioactivity and biodegradation characteristics of 
third-generation materials such as magnesium and its alloys for car-
diovascular stents and tissue regeneration [125]. Around 2010, scien-
tists started investigating a new set of biomaterials. For its use in tissue 
engineering, this most recent generation of biomaterials includes bio-
mimetic nanocomposites [126]. The four generations of biomaterials are 
depicted in Fig. 21. 

3.1. Metals 

A range of intricate manufacturing processes, including the 3DP of 
human organs and aircraft parts, can benefit from the usage of metallic 
materials due to their exceptional physical attributes [127–129]. 
Aluminum alloys [127], cobalt-based alloys [130], nickel-based alloys 
[131], stainless steels [132], and titanium alloys [133] represent just 
few of the instances of these materials. Due to its high specific stiffness 
and toughness, a cobalt-based alloy is suitable for dental applications in 
3DP [130]. Furthermore, 3DP can be used to manufacture aircraft 
components using nickel base alloys [131]. 3DP objects produced of 
nickel base alloys can be utilized in dangerous environments owing to 
their exceptional resistance to corrosion and heat of up to 1200 ◦C 
[134]. Lastly, items made with 3DP technology may also be made from 
titanium alloys. The flexibility, excellent resistance to corrosion as well 

as oxidation, and low density of titanium alloys are their distinguishing 
characteristics. It is employed, for instance, in biomedical devices [3, 
135–137] and aircraft parts where there are high stresses, severe oper-
ating temperatures, and significant stresses [133]. 

3.1.1. 3DP metallic-based implants 
Metal implants are required to restore function in many anatomical 

areas with typical orthopedic disorders. Adequateness is primarily 
determined by two factors: (1) biological reaction to the host bone, 
which is frequently attained by bulk or surface modification of such 
implants, and (2) mechanical stability, which can be further accom-
plished by using 3DP of tailored component based on the CT scan or MRI 
of the patient’s defect site. According to the same principles as other 3DP 
operations, 3DP of metals generally involves the melting of metal 
powder feedstock employing either an electron beam or laser source. 
Consequently, PBF, DED (laser or electron beam) and MJ are common 
3DP techniques for metallic-based implants. Metal implants have his-
torically been used to assist bone regeneration mechanically [129,138, 
139]. However, recent advances in AM have enabled the production of 
composite scaffolds with additional capabilities. 

3.1.1.1. Titanium (Ti) and Ti alloys. Cobalt-chromium-molybdenum 
(Co-Cr-Mo) and Ti-6Al-4 V alloys remain the metals most frequently 
used for AM in orthopedic implants. Wrought titanium Ti-6Al-4 V (ISO 
5832–2) is the most widely used Ti alloy [3,140]. Compared to stainless 
steel and the Co-Cr-Mo alloy, it has a higher mechanical strength-weight 
ratio and better corrosion resistance, making it one of the most signifi-
cant biomedical materials for the production of orthopedic implants [3]. 

Fig. 19. Schematic diagram of Material Extrusion (ME).  

Fig. 20. Shows an overview of each of the three Material Extrusion systems: (a) filament-based, (b) screw-based, and (c) plunger-based.  
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Ti-6Al-4 V has good biocompatibility, particularly when direct contact 
with bone or tissue is required. The Ti alloy has been shown to offer a 
favorable surface for osteoblast attachment and osteogenic differentia-
tion [3,141]. The development of a surface oxide layer that encourages 
osteoblast adherence can be achieved by binding adsorbed fibronectin to 
surface-expressed integrins [141,142]. An additional investigation 
found that growing osteoblast-like cells on a Ti-6Al-4 V alloy surface 

could promote osteoblastic maturation by creating an osteogenic envi-
ronment full of bone morphogenetic proteins and encouraging bone 
formation [141]. The findings indicated that altering the surface of Ti 
implants can improve osseointegration at the bone-implant contact for 
improved implant fixation [142]. Table 3 shows a comparison between 
orthopedic implants produced using AM and those produced using 
conventional methods. 

Even before the invention of AM, Ti and its alloys were the preferred 
material for load-bearing biomedical implants [140,142]. Ti has excel-
lent biocompatibility, excellent corrosion resistance, exceptional fatigue 
strength, and an adequate strength-to-weight ratio, making it the ideal 
material for orthopedic applications [3,140,141]. Unlike stainless steel 
and Co-Cr alloys, Ti has an elastic modulus that is similar to the one of 
bone [140]. In addition, Ti has excellent laser absorption and low 
thermal conductivity, making it a perfect material for metal AM [143]. 
By adding porosity to most Ti implants that have underg 1 AM pro-
cessing, the elastic modulus can be brought even closer to the bone, 
reducing stress shielding and subsequently osteoporosis [140]. Most of 
the load-bearing implants developed today in the biomedical industry 
are additively made of Ti using AM technology [144]. Given their su-
perior biocompatibility, initial stability resulting from a lower modulus, 
and a relatively inexpensive cost of production, 3DP Ti alloys have been 
widely used in biomedical devices for total knee and hip arthroplasty.  
Fig. 22 shows a brief timeline of Ti implant development for use in 
biomedical devices. 

To achieve mechanical stability at the implantation site, Dumas et al. 
constructed a unique pore structure-graded diamond-type lattice design 
using the PBF-AM technique. They assessed the stiffness and yield 
strength of Ti64 structures with various porosities (80%, 58%, and 40%) 
[145]. Compared to those of trabecular and cortical bone, moduli of the 
porous structures, which ranged from 1.6 to 20.3 GPa, were found. 

However, Ti and its alloys have some limitations, including poor 
tribological performance and a potential risk of metal ion leakage from 
wear debris close to the articulating surfaces [144]. Furthermore, 
despite the fact that Ti is biocompatible, it does not efficiently interact 
with adjacent bone and tissue for remodeling [144]. The improvement 
of osseointegration in vivo through Ti alloying with other elements such 
as tantalum or modifying the surface by the development of TiO2 
nanotubes has been verified [146]. 

Commercially pure Ti (CP-Ti) has better biological results under 
physiological conditions compared to other frequently used Ti alloys, as 
a thin TiO2 coating forms on its surface [147]. However, it is weak and 
has poor fatigue resistance [148]. On the other hand, the Ti-6Al-4 V 
alloy is well known for its great strength and superior fatigue resistance. 
Since its development by aerospace firms, the Ti-6Al-4 V alloy has seen 
widespread use in orthopedic load-bearing applications [149]. In the 
early stages of Ti alloy production for medical purposes, vanadium (V) 
was not employed as an alloying element. Instead, nontoxic elements 
have been used as alloying elements in Ti, including Ta, Zr, Mo, Fe, Sn, 
and Nb. In the initial stages, alloys such as Ti-6Al-7 Nb, Ti-13 Nb-13Zr 
[150], and Ti-5Al-2.5Fe[151] were investigated in an effort to increase 
corrosion resistance against Ti-6Al-4 V by adding alloy elements [152]. 

CP-Ti is classified as Ti that has an hexagonal closest packed (hcp) 
unit cell [153]. Due to the poor strength and fatigue resistance of α-Ti, 
the dual-phase alloy Ti-6Al-4 V, classified as α + β phases with β-Ti as 
faced centered cubic (fcc) was created [140]. Compared to α-Ti, the 
mechanical characteristics of the α + β Ti-6Al-4 V phase were superior 
[140]. However, the elastic modulus of Ti-6Al-4 V is around 110 GPa, 
which is significantly higher than that of cortical bone (about 30 GPa), 
leading to stress shielding in vivo [140]. The manufacture of β-Ti alloys 
with elastic moduli that are lower than those of dual-phase Ti alloys has 
long been a topic of research. Mo, Ta, Nb, and Zr, among other phase 
stabilizers, are present in higher concentrations in β-Ti alloys [154]. As a 
result of their improved intrinsic biocompatibility, these alloying ele-
ments also improve the biocompatibility of the Ti alloy. Furthermore, 
several β-Ti alloys have lower elastic moduli than Ti-6Al-4 V [140]. As 

Table 2 
Key concepts, advantages and cons, and materials for various 3D printing 
techniques.  

AM Mechanism Materials Positive aspects Negative aspects 

BJ A thin film of 
binding liquid is 
applied by 
spraying onto a 
layer of powder, 
and this process 
is repeated until 
the final item is 
obtained[13]. 

Metals[38] 
Polymers 
[36] 
Ceramics 
[37] 
Composites 
[39]  

1. No need for 
support,  

2. low cost,  
3. rapid delivery,  
4. large construct 

volume  

1. Poor surface 
finish  

2. Delicate pieces 
manufactured. 

ME The material 
undergoes 
heating until it 
is semi-solid, 
and it is then 
pushed along 
the designated 
path. Filler 
material is 
employed as 
required and is 
then easily 
removed[105]. 

Polymers 
[105] 
Composite 
[106]  

1. Printing on a 
variety of 
materials, 
Color printing,  

2. parts that are 
completely 
functional,  

3. Cost-effective  

1. Structured 
Step Surface  

2. Vertical 
Anisotropy 

DED Same as ME. 
However, the 
nozzle has 
numerous 
degrees of 
freedom[107]. 

Metals 
[108] 
Hybrids 
[109]  

1. Nozzle with 
many degrees 
of flexibility  

2. used for repair 
parts of 
superior 
quality  

1. Speed and 
finish must be 
balanced. 

MJ The material is 
released in 
droplets that 
solidify once 
exposed to UV 
radiation[110]. 

Polymers 
[111] 
Ceramics 
[112] 
Composites 
[110] 
Hybrid 
[112]  

1. printing on 
multiple 
materials,  

2. Surface finish 
that is smooth,  

3. Exceptional 
dimensional 
precision  

1. Support is 
needed.  

2. Use of a 
limited variety 
of materials 

PBF Powder is 
melted and 
bonded using 
either an 
electron beam 
or a laser[113]. 

Metals 
[114] 
Polymers 
[115] 
Ceramics 
[116] 
Composites 
[117] 
Hybrids 
[118]  

1. High Velocity,  
2. There is no 

need for 
support,  

3. high precision,  
4. Quite 

affordable  

1. Minimal build 
size,  

2. high energy 
consumption,  

3. Poor surface 
finish 

SL Layered object 
manufacturing 
and ultrasound 
AM, strips of 
material are 
bonded to make 
the desired part 
[119]. 

Metals 
[119] 
Polymers 
[119] 
Ceramics 
[119]  

1. Full-color 
reproductions,  

2. reasonably 
priced,  

3. Material 
handling is 
made simple,  

4. The excess 
material can 
be reused.  

1. restricted 
variety of 
materials,  

2. The surface 
finish is poor.  

3. Strength is 
determined by 
the adhesive 
applied. 

VP Light is shone 
on a solidifying 
liquid polymer 
and this process 
is repeated 
layer-by-layer 
[120]. 

Polymers 
[114] 
Ceramics 
[114]  

1. high precision,  
2. Superior 

Surface Finish  

1. Use of a 
limited 
number of 
materials, Poor 
mechanical 
aspects  
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Ti-24 Nb-4Zr-8Sn was processed using SLM, the elastic modulus ranged 
between 46 and 55 GPa, which is considerably more similar to the 
native structure [155]. Consequently, using β-Ti alloys can enhance in 
vivo biocompatibility while reducing stress shielding. 

Furthermore, Fischer et al. produced Ti-27.5 Nb using DLP, and 
concluded that the alloy has an elastic modulus of 70 GPa and a yield 
strength of between 750 and 800 MPa, along with good biocompati-
bility, demonstrating its non-toxicity [156]. Through AM, scientists have 
been manufacturing several β-Ti alloys and analyzing their mechanical, 
biocompatibility, corrosion, and wear characteristics. However, 
Ti-6Al-4 V is still widely used often in medical devices today due to its 
favorable mechanical characteristics, biocompatibility, and ease of 
availability. 

The biocompatibility AM Ti and related alloys has been thoroughly 
investigated. On a DED machine, Xue et al. constructed porous CP-Ti 
alloys and discovered that samples with 27% porosity showed an 
elastic modulus of 24.3 GPa, which is similar to the cortical bone. Osseo- 
precursor cell line (OPC1) cells were used to compare the biocompati-
bility of the 27% porosity CP-Ti plate in vitro with a polished CP-Ti 
plate. As concluded, porous Ti demonstrated a higher optical density 
for the MTT assay at 3, 10, and 21-day time intervals, indicating 
increased cellular proliferation caused by porosity [157]. 

Sheydaeian et al., on the other hand, used BJ multiscale 3DP to 
examine porosity variation in functionally CP-Ti using various layer 
thicknesses [158]. Except for a 5% variance in the porosity of the 
manufactured parts, there was no detectable change in the Young 
modulus (2.9 ± 0.5–3.5 ± 0.4 GPa) or the yield stress (158 ± 10 − 175 
± 27 MPa). 

To better understand how porosity affects elastic modulus and in 
vivo biological performance, Bandyopadhyay et al. created porous Ti- 
6Al-4 V using DED. The elastic modulus of the Ti-6Al-4 V structures with 
a porosity of 23–32% (v%), determined by the uniaxial compression test, 
was found to be closer to that of natural bone. Male Sprague-Dawley rats 
were used to test samples with densities of 97.2%, 89.3%, and 75%, and 
calcium ion concentrations were used to track the formation of new 
bone. Ca2+ ions were found at the highest concentrations in samples 
with a density of 75%, showing the benefits of porosity for improved 
tissue integration and regeneration [159]. 

The exceptional fatigue response of Ti-6Al-4 V is well recognized. 
Bandyopadhyay et al. examined the impact of Ti-6Al-4 V produced 
through the orientation of DED deposition on their fatigue response at 
stress intensities of 50%, 75%, and 90% of compressive yield strength. 
The samples produced using a horizontal hatching angle of 90◦, a re-
sidual porosity and more than 2.7 million cycles to failure at 50% stress 
amplitude demonstrated the highest fatigue resistance [160]. 

Yavari et al. studied the impact of porosity on the fatigue response of 
porous Ti-6Al-4 V structures produced by SLM. These structures had 
high porosities ranging from 63% to 89% and were designed as dia-
mond, truncated cuboctahedron, and cubic unit cell designs. They 
noticed that the design of the unit cells and porosity had a significant 
impact on the extent to which the samples responded. Even with greater 
loads equal to 80% of their yield strength, the structure of cubic unit 
cells remained stable [161]. 

Balla et al. used a DED machine to examine laser surface melting of 
wrought Ti-6Al-4 V for single and double-laser passes at 250 W of laser 
power. Due to the high hardness and grain refinement produced by the 

laser surface melting, it was demonstrated that the wear rate decreased 
by a factor of 2 for single and double passes compared to untreated Ti- 
6Al-4 V. This was the case regardless of whether the material passed in a 
single or double pass [162]. 

Avila et al. examined the impact of a Ti-6Al-4 V with the addition of 
Si that has undergone DED processing. Compared to Ti-6Al-4 V, Ti and V 
silicides increased hardness by 114% and reduced wear rate by 45.1% 
when 10% Si was added. Additionally, the incorporation of Si caused the 
formation of a protective tribofilm, increasing the resistance to corro-
sion [163]. 

Wang et al. produced a custom Ti-6Al-4 V bone plate with a yield 
strength of 900–950 MPa as well as a hardness of 360–390 HV1 for a 
complicated pelvic bone fracture. The implant was subjected to post- 
processing and surface treatment before being clinically inserted into 
the pelvic region. Using AM, the surgery took place in 2 h less time 
[164]. 

To increase the mechanical strength and add functionality to com-
posite scaffolds, iron and strontium have been investigated. In recent 
years, Ti alloy implants produced using AM technology have demon-
strated their ability to deliver drugs in addition to providing mechanical 
support. According to a reported study, these printed implants may 
deliver anticancer drugs and have good osseointegration capabilities 
[165]. Gu et al. [166] have developed micropatterns on the surface of Ti 
and glass with the ability to deliver rifampicin (RFP), while Yang et al. 
[167] have also developed a porous Ti dental implant for drug delivery. 

3.1.1.2. Cobalt-Chromium Alloys (Co–Cr). Co-Cr alloys exhibit the 
highest wear resistance and good biocompatibility among existing 
metallic implants [184]. As a result, they are ideal for making biomed-
ical implants with articulating surfaces which undergo constant wear 
and friction. The intermetallic phases that constitute up the Co-Cr alloys 
and precipitated forms of Cr-rich carbides are what gives them their 
remarkable wear resistance [185]. Due to the brittleness and potential 
for catastrophic failure of ceramic coatings, Co-Cr alloys have been used 
to replace them in orthopedic implants [186]. Co-Cr alloys can increase 
their wear resistance even more by implantation with oxygen, carbon, or 
nitrogen [187]. Among the most popular Co-Cr alloys, which also 
contain traces of carbon, are cobalt-chromium-tungsten (Co-Cr-W) and 
cobalt-chromium-molybdenum (Co-Cr-Mo). Strength is enhanced by the 
Mo and W alloying elements, while the Cr alloying element generates a 
passive oxide layer of Cr2O3 that prevents corrosion [188]. With these 
alloys, nickel is also included as an alloying element [189]. The 
elemental proportions of Cr and Mo in the Co-Cr-Mo alloy are 26–30 and 
5–7%, respectively, with approximately 1% nickel (Ni), according to the 
generally accepted Co–Cr–Mo alloys as defined by ASTM F75. The most 
popular application of this alloy is in orthopedics. According to ASTM 
F90, the percentages of Cr, W and Ni in the Co-Cr-W-Ni alloy are 19–21, 
14–16 and 9–11%, respectively [187]. Co-Cr alloys are often manufac-
tured by AM. SLM and EBM have been used in the majority of the re-
ported research on Co-Cr-based alloys. Certain researchers have 
employed the LENS system to investigate the wear characteristics of 
Co-Cr alloys [190]. 

Sahasrabudhe et al. manufactured a Co-Cr-Mo alloy that was rein-
forced with biocompatible calcium phosphate ceramic (CaP) using a 
LENS method and observed that the alloy wore down more slowly and 
had less leaching of Co2+ and Cr2+ ions. Therefore, CaP reinforcement in 

Fig. 21. Graphic representation of generations of biomaterials over time.  
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Co-Cr-Mo can decrease the release of harmful metal ions, reduce cyto-
toxicity, and prolong the implant [191]. 

Bandyopadhyay et al. conducted more investigation on the biolog-
ical function of CaP reinforced in the Co-Cr-Mo alloy. A 12-week in vivo 
rat study demonstrated that adding 3% CaP to the Co-Cr-Mo alloy 
increased osteoid formation by five times compared to the Co-Cr-Mo 
alloy without CaP addition, despite an in vitro test that found no signs 
of cytotoxicity. Contact between bone tissue and implant had good 
interfacial binding strength and the addition of CaP had no discernible 
effect on metal leakage [192]. 

Although they have great strength and good fatigue resistance, Co-Cr 
alloys experience stress shielding due to their extremely high elastic 
modulus (220 GPa). As a result, bulk orthopedic implants in load- 
bearing areas rarely use Co-Cr alloys. However, Co-Cr alloys are 
frequently utilized in dental use for crown and bridge structure resto-
rations, because of their exceptional mechanical qualities and resistance 
to corrosion. Compared to traditionally cast alloys, the SLM produced 
Co-Cr alloy demonstrated better mechanical properties with increased 
porcelain bond strength for metal-ceramic restorations [193]. 

Although Co-Cr alloys are widely known in the biomedical sector, 
there is still concern about the toxicity and carcinogenicity of Co2+ and 
Cr3+ ions, which can lead to inflammation [194]. Cr ions injure the 
central nervous system and induce ulcers, whereas Co could harm the 
neural, endocrine and cardiovascular systems [195]. 

3.1.1.3. Stainless Steel 316 L (316 L SS). Among metals, stainless steel 
(SS) was the first to be employed as a biomaterial [196]. Especially SS 
316 L, also referred to as 316 L SS, has been used for implant purposes. 
This alloy is often researched and used for medical uses owing to its 
strong biocompatibility, great corrosion resistance, good durability, and 
comparably affordable cost [197]. Considering its weak bone bonding 
capabilities, 316 L SS was first recommended for plates, screws, and 
nails as applications for fracture fixation devices. In addition, it is used 
in catheters, cardiovascular stents, and spinal fixation devices [196]. 

The main component of 316 L SS is Fe, with alloying elements 
including 10–14% Ni, 16–18% Cr, 2% Mn, 2–3% Mo, and 0.03% C. 
While C gives the alloy strength, Cr gives it resistance to corrosion. 
Additionally, Cr and Ni together offer improved ductility and yield 
strength. SS are recognized for their excellent corrosion resistance since 
they contain a lot of Cr. However, it has been shown that the chance of 
corrosion in 316 L SS is increased when exposed to high stress and low 
oxygen levels, making their use as a biomedical implant challenging 
[198]. 

The corrosion resistance of 316 L SS has improved substantially, and 
the antibacterial effectiveness in preventing implant-associated in-
fections (IAI) has increased due to a zinc-incorporated niobium oxide 
coating [199]. Another concern with 316 L SS is the discharge of Cr ions 
from alloy wear debris, which, like Co-Cr alloys, can lead to ulcers and 
abnormalities of the nervous system. Ni is toxic, and studies have shown 
that its cytotoxicity can cause a skin ailment known as "dermatitis," 
which is another reason why the alloy’s high Ni level is worrisome 
[200]. 

An additional problem with 316 L SS is its high elastic modulus, that 
has the potential to cause stress shielding in load-bearing regions, 
leading to osteolysis and implant loosening [200]. The appropriateness 

Table 3 
Comparison between orthopedic implants produced with AM and those pro-
duced using conventional methods.   

Conventionally manufactured 
implants 

AM manufactured implants 

Metal Ti and cobalt-based alloys Ti and cobalt-based alloys 
Fabrication 

Technique  
1. Subtractive processing, 

including turning, milling, 
and drilling, involves 
gradually removing 
material from a solid piece 
until a specific form is 
obtained[168].  

2. Formative shaping: Using 
mechanical forces, such as 
bending, casting, forging, 
or pressing, the material is 
shaped to take on the 
needed form[169].  

3. Designing, creating and 
using a specialized tool is 
necessary[170].  

4. Good for mass 
manufacturing[171].  

5. Implants made with more 
sophisticated technologies 
than those produced 
additively[168].  

1. Using metal components 
joined layer by layer, AM 
creates items using 3D 
model data until the 
finished implant is 
constructed[172].  

2. Flexible supply chains 
because no special 
equipment is required for 
this procedure[173].  

3. Excellent for low-volume 
patches (down to one if 
necessary) and prototyp-
ing[174]. 

Mechanical 
Attributes 

1. For use in load-bearing ap-
plications, cast and forged 
implants with appropriate 
biomechanical strength 
[175].  

2. Generally superior to 
implants produced by AM 
[175].  

1. Superior to cast implants 
and nearly as strong as 
forged implants[176]. 

Design Intricacy  1. At each stage of the design 
process, the manufacturing 
limitations associated with 
casting or machining must 
be considered. As a result, 
the implant should not have 
an excessively complicated 
or challenging 
manufacturing process.  

1. The integration of a 
porous scaffold and solid 
components within a 
single implant is made 
possible by the design 
freedom of complicated 
geometries[177].  

2. To allow the removal of 
non-melted metal pow-
der, the porous scaffolds 
must have open cells 
[178]. 

Porosity  1. Hard to implement in 
machining applications, 
since it depends on a laser 
that removes material from 
a solid item or applies a 
secondary substance[179].  

2. Stress shielding issue[179].  

1. It is possible to precisely 
build and incorporate 
porosity in designs[180].  

2. Lower stiffness to align 
with the modulus of the 
adjacent bone structure 
and minimize stress 
shielding[180]. 

Osseointegration  1. More treatments to be 
applied to the implant 
surface, such as 
hydroxyapatite coating 
[181].  

1. - Porous network with 
optimal pore size and 
porosity that allows 
ingrowth of bone tissue 
[182]. 

Post-processing  1. Stages of labeling, cleaning, 
and sterilization[183].  

1. Stages of labeling, 
cleaning, and 
sterilization[183]. 

Implant size  1. Approximately tailored to 
the geometry of the patients 
[183].  

2. However, implant 
placement requires 
necessary adjustments 
(bone reduction) during 
surgery[183].  

1. Adapt to the area and 
type of bone defect[183].  

2. The surgical process 
involves minimal 
adjustments[183]. 

Medical uses  1. Common, commercially 
available implants in a 
range of sizes to 
accommodate the majority 
of patients[183].  

1. Patients can only receive 
a "one-off" implant if an 
ordinary ready-made 
implant cannot satisfy 
surgical needs[183].  

Table 3 (continued )  

Conventionally manufactured 
implants 

AM manufactured implants  

2. More adaptability during 
operation[183].  

3. Safety and efficacy have 
been supported by long- 
term clinical evidence 
[183].  

2. Limited flexibility during 
surgery[183].  

3. Only a few short-term 
case series are available 
to evaluate the clinical 
outcomes of implants 
[183].  
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of 316 L stainless steel as a biomaterial for long-term implants has been 
questioned despite its usage in permanent orthopedic implants [201]. 

An SLM-fabricated composite made of porous hydroxyapatite struc-
tures with 316 L SS displayed high biocompatibility. This alloy may be 
used as a load-bearing implant, since it has a Young modulus of 20 GPa, 
similar to the cortical bone [202]. Additionally, by adding ceramic to 
create a metal-ceramic composite, the wear resistance of 316 L SS can be 
increased. AlMangour et al. [203] discovered that 10% vol% of TiB2 
ceramic was the ideal quantity in 316 L SS manufactured using SLM 
technology. Because the tribofilm formed when TiB2 was present, it was 
found that the wear resistance increased by a factor of 10 as a result. The 
metal-ceramic composite, which had enhanced grain boundaries and 
refined grains, had greater microhardness and yield strength as well as a 
lower friction coefficient than 316 L SS without reinforcement. 

Additionally, 316 L SS implants with varying porosity can be man-
ufactured via SLM, with the dense component serving as a source of 
strength and the porous component acting as a catalyst for improved 
tissue integration [196]. Shang et al. investigated how the scanning rate 
affected the biocompatibility of 316 L SS parts produced using the 
SLM-based AM technique. The MTT proliferation test for 24 h of in-vitro 
cell culture with L929 cells revealed considerable cell proliferation for 
SLM-made 316 L SS constructs, with the maximum proliferation for 
samples created with 900 mm/s. The exceedingly low hemolytic rate did 
not, however, lead to any modifications in scanning rate [204]. 

Although Ti is more expensive than 316 L SS, Ti implants have been 
shown to have fewer failure rates and greater biological performance in 
load-bearing locations. 316 L SS, on the other hand, was more effective 
for fracture fixation devices. Currently, 316 L SS is used primarily for 
dental and fracture fixation [205]. 

3.1.1.4. Other metals and metal alloys: Nickel (Ni), Tantalum (Ta), and 
Magnesium (Mg). The load bearing implants are typically made of Ti 
alloys, Co-Cr alloys, and 316 L SS. In addition to these, tantalum (Ta) 
and nitinol (NiTi) also exhibit good biocompatibility [206]. The primary 
objective of several investigations using metal-AM methods has shifted 
to research on these elements [207,208]. Shape memory alloys made of 
49% nickel and 51% titanium, also known as NiTi, are essential for 
medical devices including vascular stents, orthodontic wires, and bone 
implants. The importance of these alloys in the medical sector is due to 
their shape memory characteristics, low stiffness (59 GPa) [209], 
biocompatibility, enormous elasticity and durability against corrosion 
[210]. NiTi has distinct stress-strain properties with up to 8% recover-
able strain that are comparable to those of live tissues [211]. However, 
conventional production of NiTi is difficult due to machining issues, 
hardening properties, and martensitic transformation. To overcome the 
challenges of conventional production while making it easy to fabricate 
complicated geometries and porous materials, 3DP procedures for NiTi 

structures have been developed. SLM and DED are the AM fabrication 
methods that are most frequently used to produce NiTi [212,213]. NiTi 
that had undergone LENS processing had outstanding compression fa-
tigue behavior and could withstand approximately 106 cycles at 1.4 
times their yield strength before failing [214]. As a prospective biolog-
ical implant with such unusual features, NiTi has attracted a great deal 
of interest. Although NiTi exhibits good biomechanical qualities, AM 
research is not frequently pursued. Compared to Ti, Co-Cr, or 316 L SS, it 
is more difficult to adjust the process parameters for AM made of NiTi. 
Poor surface quality and fault porosities in AM-fabricated NiTi have a 
noticeable impact on their fatigue performance [215]. NiTi also contains 
a lot of Ni, and the discharge of Ni ions can be hazardous to cells [216]. 
Despite the fact that 3DP has allowed us to properly build these struc-
tures, porosity increased the surface area, which in turn increased the 
rate of corrosion and the release of Ni ions [217]. As a result, 3DP 
coating methods are recommended for the efficient use of NiTi in 
biomedical applications. Similar to this, several researches recommend 
bio-functionalizing NiTi surfaces, using biologics to lessen Ni ion release 
and improve interactions between cells and materials [218]. 

Taking into account its good biocompatibility in vivo, tantalum (Ta) 
is a newly developed biomedical implant material [219]. Ta additionally 
has properties similar to those of human bones, including toughness, 
chemical resistance, and hardness [220]. Ta is heavier than Ti for use in 
implants, as its density is approximately four times higher. Due to its 
high melting point of about 3200 K, Ta presents a challenge for AM. Ta is 
also a costly metal. Therefore, Ta is not utilized as an independent 
load-bearing device. For orthopedic purposes, Ta is frequently alloyed 
with Ti [221]. Compared to a Ta implant, a DED alloy containing Ti and 
10–25% Ta with TiO2 nanotubes formed on the surface exhibits higher 
biocompatibility [221]. Future generations of biomedical implant ma-
terials may include Ti-Ta alloys. 

Ta alloyed with Ti has also been investigated for the structural 
dependence of mechanical properties based on 3DP fabrication. As a 
case study, Soro et al. produced solid and porous lattice structures of Ti- 
25Ta alloys using SLM, and it was observed that these alloys showed 
mechanical compatibility similar to Ti64 but with a lower elastic 
modulus and higher strength [222]. As a lower elastic modulus of the 
material or design indicates, the likelihood of stress shielding owing to a 
modulus mismatch is reduced; this is especially helpful in applications 
involving bone healing. 

With the use of LENS, Bandyopadhyay et al. demonstrated the 
viability of processing porous Ta structures while maintaining 
manufacturing conditions similar to those of Ti64. Similar in vivo bio-
logical performance was demonstrated by 30% porous Ta structures, as 
well as 30% porous Ti64 with nanotube surface modification [223]. The 
capacity of these implants to osseointegrate in the early stages was 
determined by in vivo investigations conducted over durations of 5 and 

Fig. 22. Development timeline of titanium implants for use in biomedical devices.  
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12 weeks in a rat distal femur model using 3D designed volume fraction 
porosity. This was due to increased bone ingrowth due to bulk porosity. 
Additionally, as a result of surface chemistry (titania nanotubes), greater 
and continuous osteoid or new bone production was observed for 
extended periods of time at the interface of these implants and host 
bone. The capacity of these 3DP implants for bone regeneration raises 
the possibility that they could serve as successful biomedical devices for 
bone replacement. 

The biodegradation form of metallic implants for orthopedics has 
recently gained prominence. Therefore, soft metals that occur naturally 
in the human body, such as magnesium (Mg) or iron (Fe), are used to 
make biodegradable metallic bone implants. Considering Mg is a vital 
mineral for human nutrition, Mg implants have been suggested, as they 
possess mechanical qualities similar to those of bone and can encourage 
the growth of new bone [224]. Nevertheless, since Mg is a soft metal and 
corrodes more quickly compared to other inert metals like Ti or Co-Cr 
alloys, it degrades quickly [225–229]. However, Fe degrades more 
slowly, which may be a drawback when used in orthopedic applications. 
By addressing all these issues, 3DP techniques enable the effective 
fabrication of implantable parts with modest degradation rates and 
mechanical qualities similar to those of human bone. The role of addi-
tively manufactured Mg and Fe implant designs in achieving optimal 
effective performance has been thoroughly investigated by Li et al. 
[230]. SLM was used to manufacture porous iron lattice structures, 
while DMD was used to create Mg scaffolds. The structural or design 
dependencies on both mechanical and biological characteristics were 
evident in both implants. In vitro testing of Mg constructs exhibited less 
than 25% cytotoxicity and retained mechanical stability as trabecular 
bone after 4 weeks of biodegradation. However, after being subjected to 
biodegradation for 28 days, porous Fe structures also demonstrated 
mechanical durability. An essential role for topology or design in addi-
tively constructed porous iron is suggested by the biodegradation 
behavior of Fe scaffolds, which was shown to be more rapid in the pe-
riphery than in the center. 

The use of 3DP in metals facilitates the manufacture of intricately 
shaped parts with non-expensive or difficult-to-work-with materials. 
The use of metals is expanding rapidly due to several developments in 
new techniques, alloys, and part enhancement. In addition to one-step 
component consolidation, metal 3DP benefits us with lower tooling 
costs, design flexibility, and complicated shape fabrication. 

3.2. Polymers 

Polymer items, including functional components with intricate ge-
ometry and prototypes, are frequently produced using 3DP technology 
[231]. Extruded thermoplastic filament, such as polylactic acid (PLA), 
acrylonitrile butadiene styrene (ABS), polypropylene (PP), or poly-
ethylene (PE), can be stacked in successive layers to create 3DP things 
using FDM [231]. As 3DP materials, thermoplastic filaments that have 
higher melting points, such polyetheretherketone (PEEK) and poly-
methyl methacrylate (PMMA), have recently been employed [232]. 

Given their affordable price, lightweight, and manufacturing flexi-
bility, 3DP polymer materials in liquid form or having a low melting 
point have become popular in the industry [233]. As inert materials, 
polymer-based materials perform a significant role in biomaterials and 
medical device items, supporting the mechanical function of various 
orthopedic implants and ensuring efficient operation [130]. 

3.2.1. 3DP polymeric-based scaffolds 
Polymer implants for bone regeneration have become increasingly 

popular in the past few years due to the use of biodegradable polymers, 
including PCL, PLGA, and PLA [19]. Polymers were recently combined 
with bioactive mesoporous glass, calcium phosphates, and various 
additional materials to create composite scaffolds that possess higher 
mechanical strength [234]. AM technologies have made it easier to 
produce composite scaffolds that are packed with proteins and 

antibiotics for faster bone healing [235]. However, there may be ques-
tions about the stability and integrity of bioactive proteins delivered by 
such devices. Controlled release is preferred for treating infections 
without adverse effects, as several variables of the AM process can 
decrease the efficiency of drugs [236]. 

Huang et al. [237] and Wu et al. [238] developed polymeric implants 
employing AM techniques that contained pharmaceuticals such as lev-
ofloxacin, anti-tubercular medications and anticancer drugs. Implants 
were constructed from PLLA and PDLA, respectively. Both investigations 
showed that it was possible to achieve regulated drug release over a 
number of weeks under both in vitro and in-vivo conditions. Wu et al. 
also showed the potential to combine pharmacotherapy with anticancer 
chemotherapy in the treatment of chronic osteomyelitis [238]. 

Shim et al. [239,240] manufactured scaffolds using a multi-head 
printer. The primary head served to print the PCL/PLGA/TCP 
construct, while the second head was employed to add rhBMP-2 by 
filling in the spaces left by the printed layer. In rabbits, the research 
group demonstrated improved and directed bone healing. Using a low 
temperature 3D printer, Yu et al.[241] constructed an rhBMP-2 loaded 
composite scaffold that revealed excellent osteogenesis in goats. 

3.3. Ceramics 

Modern 3DP technology allows for 3DP products using ceramic and 
concrete that lack many pores or cracks by adjusting conditions and 
setting up appropriate mechanical characteristics [242]. Ceramics are 
solid, long-lasting, and fire-resistant materials. In their fluid state prior 
to construction, they can be used to create nearly any geometry and 
shape, making them ideal for the design of the next buildings and 
structures [242]. A recent study [243] came to the conclusion that 
ceramic materials are useful for use in dental and aerospace applica-
tions. Alumina [244], bioactive glasses [245], and zirconia [246,247] 
are some examples of these materials. For instance, 3DP technology 
could be used to treat alumina powder. Alumina is a delightful ceramic 
oxide that serves a variety of purposes in high-tech industries like mi-
croelectronics, adsorbents, chemicals, and aerospace manufacturing 
[248]. Alumina has a complicated curing process [243]. Complexly 
shaped alumina pieces that have substantial green and after sintering 
densities could be manufactured utilizing 3DP technology [244]. In a 
subsequent experiment, glass-ceramic and bioactive glass were pro-
cessed into 3D parts using SLA. The bending strength of these materials 
improved significantly. The possibility of using bioactive glass in clini-
cally relevant constructs such as scaffolds and bone could be made 
possible by the increase in mechanical strength [245]. 

3.3.1. 3DP ceramic-based scaffolds 
AM has evolved into a flexible and varied technology that has 

significantly changed the way objects are produced. Bone defects are 
extremely challenging to treat since they do not self-heal within in-
dividuals [249]. Therefore, implants are required to aid in bone recon-
struction. Currently emerging as viable treatment alternatives for bone 
engineering repair are bioceramic implants based on AM. On the one 
hand, bioceramic implants made using AM are ideal for bone regener-
ation because of their high mechanical and biocompatibility charac-
teristics. On the other hand, bioceramic implants made by AM are 
capable of promoting the appropriate degree of cell growth and tissue 
development due to their designable structure and adjustable porosity 
[250]. Research and development of ceramic materials for AM methods 
have made significant progress. Porous ceramics produced by 3DP 
function more effectively compared to those developed using more 
traditional techniques, as they offer a number of positive aspects for the 
production of lightweight, multipurpose materials that meet or surpass 
patient demands [251]. Both biodegradable ceramics, such as calcium 
phosphate (CaP) and calcium silicates, as well as non-biodegradable 
ceramics, such as alumina and zirconia, are employed in 3DP opera-
tions. Ceramics mentioned above are usually structurally adjusted to 
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carry out a particular function or may be functionalized by drugs, 
dopants, and growth factors depending on their purpose and applica-
tion. Among the most popular ceramics used for bone regeneration are 
calcium phosphates [252]. CaPs are typically made using powder bed 
3DP processes, such as BJ, which can produce exceptionally high 
structural resolution. According to processing conditions, there are two 
primary types of 3DP CaP scaffolds for medical uses: (1) 
high-temperature 3DP CaP substrates for healing bones, and (2) scaf-
folds for delivering drugs and growth factors that are 3DP at low tem-
peratures. In the first case, high-temperature post-processing, such as 
sintering, is done after using thermal ME or PBF processes. Integration of 
pharmaceuticals or biologics during construction is not possible with 
these scaffolds, despite their considerable mechanical durability. 

Calcium-based materials, including calcium sulfates and phosphates, 
are frequently used in bioceramics, which are a popular choice for bone 
repair. To achieve a modified release of bioactives, Vorndran et al. [253] 
showed how to fabricate bioceramics that are preloaded with proteins 
and antibiotics. Both Gbureck et al. [254] and Inzana et al. [255] pro-
duced bioceramics with antibiotics embedded in various calcium phos-
phates for bioceramics intended for prolonged antibiotic delivery. 

The biological efficacy of 3D printed CaP scaffolds with dopant 
systems such as strontium (Sr), magnesium (Mg), iron (Fe) and silicon 
(Si) demonstrated the higher bone formation capacity of such scaffolds 
as a joint consequence of the dopant chemistry and structural design 
through 3DP [256]. 

Since dopants such as Fe and Si are naturally present in human 
physiological systems, they are considered harmless. When these com-
ponents are included in ceramic scaffolds, the osteogenesis potential is 
increased and full bone regeneration eventually occurs, however scaf-
folding materials degrade in vivo. The combined osteogenic impact of 
CaP and Fe, Si, Sr, or Mg shows that these mixtures are not only practical 
for manufacturing, but also have the potential to be an efficient means of 
creating an all-encompassing bone regeneration scaffolding device 
[257]. 

In recognition of its durability and great mechanical strength, 
alumina and zirconia are used to repair bone in the mouth and muscu-
loskeletal system [258]. Studies have been done on alumina parts made 
using SLA and the addition of liquid phase zirconium by in situ pre-
cipitation [259]. When portions were taken with and without liquid 
infiltration, an increased strength was observed. Nevertheless, these 
constructions have a lower fracture toughness. 

Dehurtevent et al. [260] investigated the relationship between par-
ticle size and contraction of printed alumina dental crowns to demon-
strate that the flexural strength is independent of the particle size. 
Furthermore, studies have demonstrated that bimodally distributed 
alumina particle sizes (micro- and nanosized) might lead to larger 
component densities when compared to alumina particles of a single 
uniform size [261]. Direct ceramic SLA is expensive and there are now 
just a few materials suitable for this method [262]. 

3.4. Composites 

Composite materials have profoundly influenced high-performance 
industries because of their exceptional adaptability, light weight, and 
tailored features. Examples of composite materials include glass fiber 
and carbon-fiber reinforced polymer composites [263]. A significant 
percentage of the aerospace industry employs polymer-carbon fiber 
composite components due to their extraordinarily high specific stiff-
ness, strength, improved durability against corrosion, and good resil-
ience to fatigue [263]. Furthermore, a variety of 3DP applications utilize 
fiberglass polymer composites, which have several uses owing to their 
excellent performance and affordability as well as high thermal con-
ductivity and a modest coefficient of thermal expansion [264]. Due to its 
non-combustibility and resistance to the production process’s high 
curing temperatures, fibreglass is the appropriate material for use in 3DP 
[264]. 

3.4.1. 3DP polymer-ceramic composite 
In the medical field, 3DP of polymeric composites has received a 

great deal of attention, particularly for non-load bearing uses such as 
dentistry and craniomaxillofacial surgery [265]. With the aid of the 
polymer-ceramic composite 3DP, numerous soft tissue and bone mimic 
models have been created [266]. Due to its greater mechanical strength 
relative to other polymers including polylactic acid (PLA) or polylactide 
glycolic acid (PLGA), in addition to its slower biodegradation rate, Poly 
ε-caprolactone (PCL) has broad use in these sectors. For these 3DP 
scaffolds used in non-load bearing applications, a remarkable bone 
regeneration response has been observed [267]. With the use of FDM, 
porous structures with extremely high resolution and patient-specific 
designs can be created, triggering efficient bone regeneration and 
ingrowth. These scaffolds slowly break down in the physiological con-
ditions. Simulated bone has been made using PCL and the decellularized 
extracellular matrix (ECM) [268]. 

Starch-based constructs have just been 3DP as bone regeneration 
scaffolds with the added benefit of drug release from pores. Koski et al. 
used calcium phosphate (CaP) and starch-based composites to create 
bone scaffolds through SFF. The addition of CaP, PCL, and starch 
enhanced both the mechanical and biological performance. Subse-
quently, these scaffolds were investigated as drug-eluting carriers for 
chemopreventive practices [269]. 

Despite the fact that polymers have been found to greatly improve 
the mechanical properties of ceramic scaffolds, they are also often used 
as coatings on ceramic drug delivery systems. To help keep a drug’s 
therapeutic efficacy, polymeric coatings (PCL, PLGA) have the ability to 
control how quickly pharmaceuticals are released from scaffolds based 
on the pH of the environment. The CaP scaffold has been coated with 
polymer in experiments that aim to distribute natural pharmaceuticals 
for a long time [270]. 

3.5. Smart materials 

Smart materials are those with the capacity to alter its geometry and 
shape in response to environmental factors including moisture, heat, and 
pH [112]. Examples of 3DP objects built with intelligent substrates 
include self-evolving structures and soft robotic systems. Smart mate-
rials can also be considered as 4D printing (4DP) materials, such as 
shape memory alloys and shape memory polymers [271]. Certain 
memory-forming alloys, such as NiTi, can be applied to micro-
electromechanical devices and biomedical implants [272]. 
Shape-memory polymer (SMP) is a form of smart material that reacts to 
stimuli including light, electricity, heat, some types of chemicals, etc. 
[271]. The complex form of the SMP can be produced easily and quickly 
by employing 3DP techniques. When manufacturing using 3DP, the 
accuracy of dimensions, surface roughness, and piece density are used to 
evaluate the quality of the material [271]. Fig. 23 shows a schematic 

Fig. 23. Schematic illustration of the 4D-printing technology that considers 
materials and stimulus type. 
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representation of 4DP, which considers materials and stimulus type. 

4. Applications of 3D printing in manufacturing 

By integrating innovative 3DP techniques around the world, 3DP is 
proving its strength and potential in a variety of fields [273]. AM 
technology has proven enormous potential and advantages in several 
industrial fields by providing a practical method for producing 
high-performance parts. Its unique capacity to lower capital expendi-
tures, improve shape complexity and increase design for production are 
the key contributing reasons [273]. The aerospace, automotive, mari-
time, energy, biomedical, and other industries have all made substantial 
use of this technology. By scanning or developing specific components 
using designing software, existing and nonexistent components can be 
manufactured in numerous fields. Rapid printing of more durable and 
lightweight components is possible with additive manufacturing [273]. 
Components can also be made from other types of plastic and metal. 
Rapid prototyping is one of the timesaving 3DP processes used in the 
aerospace and automotive industries. 

4.1. Aerospace industry 

Using 3DP technology allows flexibility in both manufacturing and 
component choice. The aerospace industry can make parts with 
improved and complex geometries that are lightweight while consuming 
less resources and less energy due to the use of 3DP [274]. Aerospace 
parts frequently feature complex structures and are manufactured using 
advanced materials, such as titanium, nickel, super steel, or ceramics 
that can withstand extremely high temperatures. Nickel-based alloys are 
increasingly desired in the aerospace industry due to their tensile 
characteristics, resistance to oxidation and corrosion, and tolerance to 
damage [275]. 

The process requires a lot of effort, money and time to manufacture 
these novel materials [276]. Through the use of AM, functional items in 
nearly net shape can be produced quickly, wasting less material, and 
spending less money. The fabrication of complex cross-sectional regions, 
such as the honeycomb cell or other material sections with cavities and 
cutouts, has additionally been made possible by printing technologies, 
which reduce weight and increases flue efficiency [277]. Using 3DP 
technology can also result in fuel savings, since less material is needed to 
fabricate aircraft parts. Furthermore, 3DP technology has been exten-
sively used in the production of replacement parts for specific aero-
nautical components, such as engines. Engine components are easily 
damaged and often need to be replaced. To obtain such spare compo-
nents, the use of 3DP is an excellent option [278]. With the AM tech-
nique, it is also possible to repair complicated parts like combustion 
chambers, engine blades/vanes, and so forth. Other significant elements 
that motivate the aerospace sector to employ AM technology include 
complex geometries, thin-walled aircraft engine parts and structures, 
and the difficulties of machining materials [279]. 

4.2. Automobile industry 

Modern 3DP technology is rapidly changing our industry by enabling 
us to innovate, develop, and produce novel items. One of the business 
sectors with the highest levels of global competition is the automotive 
sector. Continuous technological advancement and new design trends 
require the invention of new manufacturing techniques to keep up with 
the automotive industry [280]. Since AM can produce parts with com-
plex lightweight structures and good rigidity, it has a significant impact 
on gaining competition among automakers. The ability of the AM pro-
cess to create parts with complicated shapes while preserving relative 
strength can drastically reduce the weight of automobile parts [281]. 
Additionally, the concept of mass customization was made possible by a 
dramatic reduction in the time to market for AM parts. These days, 
automobile producers are using it for more and more practical purposes. 

Technology at AM has significantly changed the way we develop, 
design, and produce new products. For example, URBEE-2 was designed 
by American engineers using AM-fabricated components. However, 
low-volume production and the production of massive AM-based com-
ponents are two issues that prevent AM from being widely used in the 
automobile sector [277]. 

The 3DP revolution has changed the automotive industry by 
enabling the faster production of lighter and more sophisticated struc-
tures [282]. For example, in 2014, Local Motor produced the first 
electric car using 3DP technology. The OLLI, a 3DP bus developed by 
Local Motors, broadened the range of applications for 3DP technology 
beyond the automobile industry [283]. OLLI is a driverless, electric, 3DP 
bus that is also exceptionally smart. Ford is also a leader in the appli-
cation of 3DP innovation and utilizes it to produce prototypes and en-
gine components [282]. Additionally, BMW uses 3DP technologies to 
make hand tools for testing and assembling autos. In 2017, AUDI 
collaborated with SLM Solution Group AG to produce prototypes and 
spare parts [284]. Due to this, using 3DP in the automotive sector en-
ables companies to produce fresh concepts and areas of focus early on in 
the development process, leading to the construction of perfect and 
efficient car models. Technology for 3DP also reduces waste and 
resource use. Furthermore, 3DP technology can save both time and 
money, allowing quick experimentation with novel concepts [285]. 

4.3. Electric and electronic industries 

Multi-material Smart devices including 3D structural electronics, 
sensors, batteries, and other parts have been made possible by 3DP with 
electrically useful materials, such as conducting, sensing, insulating, and 
semiconducting materials. Electronically smart devices are a conten-
tious topic in 3DP, as they may unquestionably profit from technology, 
offering considerable design flexibility and specialized functionalities. 
Modern 3DP techniques, such as FDM, have allowed the customization 
and creation of complicated material structures. The potential of 3DP 
continues to be realized in several of intriguing ways as it becomes 
increasingly readily accessible to the sciences, technology, and 
manufacturing sectors. Regarding structural electronic devices, many 
3DP techniques are now often employed. These techniques include 
electrodes, active electronic materials, and devices with mass custom-
ization and adaptable layout [286]. The application spectrum of 3DP has 
been increased by the incorporation of thermoplastic polymers like 
polylactic acid (PLA) and acrylonitrile-butadiene-styrene (ABS), which 
can be utilized to produce affordable 3D parts for an array of uses [287]. 
Due to their quick production process and high level of precision when 
building a complicated structure, 3DP components have lately been the 
subject of research with the aim of generating a working electrochemical 
system [288]. 

With the emergence of novel technologies like wearable electronics, 
human-machine interfaces, soft robotics, etc., structural, stretchy, and/ 
or flexible electronics have recently attracted attention. These novel 
technological devices demand hybrid or novel fabrication processes 
using 3DP technology [289]. Electrically functioning materials need to 
be modified for the printing process so as to fully use 3DP to electronic 
devices [290]. In this section, electronics, sensors and batteries are 
introduced in 3DP devices. 

4.4. Functional energy devices 

Currently, clean (hydrogen) and renewable (solar and wind) energy 
offer attractive options to reduce pollution and the release of greenhouse 
gases, as well as to decrease our dependence on fossil fuels [276]. 
Through improved material properties and energy efficiency, AM tech-
nologies have demonstrated their potential for use in a number of 
energy-related industries. AM has been regarded as one of the energy 
generation, conversion, and storage technologies of the future [291]. 
The application of printing technologies in functional parts or devices is 
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of special interest since they typically require expensive advanced ma-
terials, like ceramics or composites, which have significant shape and 
functionality constraints when handled with conventional 
manufacturing processes. Given the advent of printing technologies, the 
design for production and fabrication processes have become consider-
ably easier, which represents a significant improvement in shape 
complexity [292]. The use of AM in the areas of nuclear energy, batte-
ries, fuel cells, oil, and gas is shown in Fig. 24 [291]. To address the main 
technical obstacles, further research and development is needed. 

4.5. Architecture, Construction, and related industries 

The rise of AM is turning the construction market into one flexible 
and innovative one. Automation of the manufacturing process, the great 
freedom of design, and the consequent opportunity for optimization are 
key advantages of AM. This method has been used to build architectural 
models for more than ten years [293]. Architectures and designers are 
now able to manufacture complex interior and exterior geometries that 
would be difficult and expensive to manufacture using traditional 
techniques [294]. By reducing the amount of time that on-site personnel 
are exposed to dangerous conditions and automating some building 
operations, AM could offer services to the construction sector. Reduced 
supply chain length and waste are two additional advantages of AM. 
Currently, full-scale architectural components and building features, 
such as walls and facades, are delivered using AM in the construction 
industry rather than only as a tool for architects to model their designs 
[295]. Success in printing houses has already been documented in some 
cases. For example, in 2016, WinSun produced the first 3DP office in the 
world. By comparing traditional buildings of the same size, the labor 
cost was reduced by more than 50% [296]. 

The use of 3DP offers countless opportunities for the achievement of 
complicated geometry and can be seen as an environmentally friendly 
derivative. The complete structure of a building or specific construction 
components might be printed using 3DP technology in the construction 
sector. The more efficient use of 3DP technology could be made possible 
by implementing Building Information Modeling (BIM) [297]. Building 
information modeling is a digital representation of both functional and 
physical features that allows for the sharing of information and expertise 
about 3D structures [297]. When making decisions about how to build 
or design a structure, it can serve as a reliable source from the beginning 

of the process through demolition [297]. This cutting-edge collaborative 
technology will support a more effective approach to designing, pro-
ducing, and maintaining the built environment. Companies can rapidly 
and economically create and manufacture the building’s design, in 
addition to avoid delays and assist in locating areas of concern with the 
aid of 3DP technology. Due to 3DP technology, communication between 
construction engineers and their clients is more efficient and straight-
forward. In contrast to the antiquated practice of using pencil and paper, 
3DP makes it easy to fulfill a customer’s vision [298]. 

4.5.1. Office of the future in Dubai 
The United Arab Emirates constructed the 3DP building to serve as 

the headquarters of the Dubai Futures Foundation [299]. The futuristic 
"Office of the Future" serves primarily as a gathering place for visitors 
from all over the world. The 3DP office is an entirely functional structure 
with plumbing, electrical, and climate control systems[299]. China is 
where the 3DP house was made. The printed parts were delivered to 
Dubai after printing. In the end, the initiative reduced construction 
waste by 30–60% and labor costs by 50–80%. It is believed to have 
ignited the 3DP revolution for construction that is currently taking place 
in Dubai [299]. 

4.5.2. Apis Cor printed house in Russia 
A Russian company was able to construct a 400 square foot residence 

in Moscow from scratch in less than twenty-four hours [300]. The 
building itself only cost $10,000, showcasing the incredible potential of 
3DP technology. The results are astonishing because the entire house 
was constructed on site using only a portable 3D printer [300]. There is 
not much space in the house, but it is undoubtedly livable. Its rapid 
24-hour production at such an affordable cost. All walls and substruc-
ture were created with a cement mixture, and later components such as 
windows, fixtures, and furniture were installed. The final cost of the 
entire renovation was modest ($10,134) and the house received an 
all-new coat of paint [301]. 

4.6. Healthcare and medical industry 

It is a potential strategy to provide high-quality and cost-effective 
healthcare by offering personalized treatment based on the unique 
needs of individuals. With the use of "on-demand" (patient-by-patient) 

Fig. 24. AM-fabricated parts, items, and products in the four primary energy sectors [291]: (a) nuclear fuel; (b) thorium dioxide fuel; (c) interdigitated electrodes of a 
micro-battery; (d) membrane and anode elements in a microbial fuel cell; (e) nozzle component used metal AM to include down-hole oil and gas wellbore cleanouts; 
and (f) special configurations for Masoneilan control valve parts. 

A.A. Elhadad et al.                                                                                                                                                                                                                             



Materials Science & Engineering R 156 (2023) 100760

21

AM, it is possible to fabricate specialized biomedical implants using a 
wide range of metallic, plastic or ceramic materials [302]. Many sci-
entists and companies have recently found the use of the AM method in 
medical applications attractive. Fig. 25 illustrates the uses of AM in the 
medical industry [303]. Despite the fact that these techniques are quick, 
scalable and affordable, they have limitations when it comes to the 
production of improved tissue architecture, biomaterials free from im-
perfections, and necessary properties such as printability, biocompati-
bility, mechanical properties, and biodegradation [302]. Therefore, to 
overcome these challenges regarding building 3D structures for medical 
demands, more research is necessary. 

The application of 3DP technology has been documented for the 
production of 3D skin [304], bones and cartilage [305], tissue replace-
ment [306], and organs [288]. The 3D printing technique is useful for 
biomedical items since it has a variety of upsides, including the 
following:  

1. The manufacturing of implants and prosthetics, which the FDA 
recently approved, was among the first medical applications of 
3DP [12].  

2. At a reduced cost, 3DP technologies can duplicate the natural 
structure. Drug, cosmetic and chemical-based product testing can 
be done on 3D manufactured skin. Therefore, the use of animal 
skin in product testing is not needed. As a result, employing an 
exact replica of the skin will assist the researcher in obtaining an 
accurate conclusion [307].  

3. Efficiency can be improved by using 3DP technology to print 
medications. It is achievable to build dosage forms with sophis-
ticated drug release characteristics, and the dropped size and 
dose can be precisely controlled [288]. 

4. The use of 3DP technology allows for the filling of bony de-
ficiencies in cartilage or bone brought on by diseases or traumas 
[51]. This treatment is distinct from the use of autografts and 
allografts, as it emphasizes bone genesis, bone maintenance, or 
improving bone function in vivo [51]. 

5. The functionality of tissues might be improved, replaced, main-
tained, or restored using 3DP technology. Replacement tissues 
produced using the method of 3DP feature a network of 

interconnected pores, are biocompatible, possess an appropriate 
surface chemistry and excellent mechanical characteristics [306].  

6. Comparable organ dysfunction caused by serious conditions such 
as disease, accidents, and birth defects can be printed using 3DP 
technology [308].  

7. Technologies like 3DP possess the potential to accelerate the 
investigation of cancer since they may produce highly controlled 
models of diseased tissues. The 3DP technology allows patients to 
get more precise and trustworthy information [309].  

8. Neurosurgeons can practice surgery procedures with the help of 
3DP models as they learn [310]. 

9. Considering a 3D model provides a representation of a real pa-
tient’s pathological condition, this might improve accuracy, 
allow the trainer to carry out clinical operations more rapidly, 
and provide possibilities for hands-on training for surgeons 
[310].  

10. Anatomical models: 3DP can produce incredibly accurate and 
thorough anatomical models to help surgeons train for chal-
lenging procedures, leading to better outcomes and at a reduced 
cost. The use of 3D technology also reduces surgery time [311].  

11. Medical supplies. The employing of 3DP to produce medical tools 
including scalpels, forceps, needle drivers, handles, and clamps is 
essential in addressing the growing demand for quick develop-
ment of medical equipment and alleviate supply chain challenges 
[312]. 

Fig. 26 illustrates the main uses of 3DP in healthcare. 
The use of 3DP in medicine is growing rapidly and is predicted to 

completely change the way healthcare is provided [313]. The manu-
facture of tissues and organs, the design of specialized prosthetics, im-
plants, and the anatomical models, and the investigation of medication 
dosage forms, delivery, and discovery are all examples of current and 
possible medical applications for 3DP [314]. Aside from affordability, 
greater efficiency, freedom of design and manufacturing, the use of 3DP 
in medicine can offer a number of advantages. These advantages include 
the ability to customize and personalize medical products, medications, 
and equipment [313]. 

According to predictions from Global-Data, spending on 3DP would 
increase to $20 billion globally by 2025, almost double what it was in 
2017 [315]. According to a posting on the website of the American 
Hospital Association [316,317], 113 hospitals had centralized 3D fa-
cilities for point of care manufacturing in 2019 as opposed to just three 
in 2010. Furthermore, according to Pew Trust, the market for 3DP in 
healthcare underwent a sharp increase during the COVID-19 epidemic, 
when many hospitals were relying on this technology for the distribution 
of personal protective equipment (PPE) and medical gadgets [315]. 

4.6.1. Advantages of 3DP for medical uses 
3D printing technology can be employed to produce lab and medical 

devices. A 3D printer may produce plastic equipment parts. Once this is 
done, expenses and the amount of time spent holding out for fresh 
medical supplies from outside firms are greatly decreased. Further, the 
production procedure as well as subsequent applications are made 
simpler. As a result, 3DP medical equipment is easier to obtain and more 
accessible to low-income or difficult-to-reach places. The application of 
3DP technology and its impacts are shown in Fig. 27.  

i. Customization and Personalization 
The freedom to manufacture specialized medical supplies and 

instruments is the most significant benefit that 3DP offer in the 
healthcare industries [318]. For example, using 3DP to manu-
facture personalized implants and prostheses can be very bene-
ficial for patients and medical professionals [318]. Additionally, 
custom fixtures for surgical applications can be produced via 3DP 
[319]. The efficacy of the procedure or implant, as well as the 
timeframe of patient recovery, can all be improved with the use of 

Fig. 25. Uses of AM in the healthcare and medical industry: (a) medical 
models; (b) implants; (c) tools, instruments, and parts for medical devices; (d) 
medical aids, supportive guides, splints, and prostheses; (e) bio-
manufacturing [303]. 
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custom implants, fixtures, and surgical equipment [319]. 
Furthermore, 3DP technology is expected to individually tailor 
the dosage forms, release profiles, and distribution of drugs for 
each patient [320].  

ii. Cost-effectiveness Improvement 
A key advantage of 3DP is its ability to produce products at a 

reasonable cost [313]. For massive quantities, conventional 
methods of manufacture continue to be cheaper; but the price of 
3DP is becoming more and more affordable for small-scale 
manufacturing. This is especially true for implants or prostheses 
smaller than usual, such as those for dental, craniofacial, or spinal 
diseases [318]. The cost of printing a custom 3D object is quite 
low, with the initial and last pieces equally reasonable, [313]. 
This is especially beneficial for companies with low 
manufacturing numbers, those that create intricate components 
or products, or those who frequently modify their products. 
[319]. 

Using less-unimportant materials, 3DP may also reduce 
manufacturing expenses. For example, a 10 mg pharmaceutical 
tablet could be ordered as a 1 mg tablet [320]. Furthermore, 
certain drugs could be printed in dose forms, facilitating and 
decreasing cost when they are provided to patients [320].  

iii. Improved Productivity 

Being capable of creating a product in a matter of hours is referred to 
as "fast" in the context of 3DP [319]. Due to the lack of grinding, 
machining, and long delivery times, 3DP technology is much quicker 
than conventional methods to produce products such as implants and 
prosthetics [318]. The resolution, precision, dependability, and 

repeatability of 3DP technologies are some of the other features that are 
advancing along with speed [318]. 

4.7. 3D Bioprinting (3DBP) of tissues and organs 

Several challenges in healthcare have been proposed to be addressed 
by 3D Bioprinting (3DBP), notably drug delivery, regenerative medi-
cine, and functional organ substitution [321]. 3DBP is the use of 3DP 
techniques to combine cells, growth factors, and/or biomaterials to 
generate biomedical parts, often with the objective of mimicking the 
functions of genuine tissue [322]. Fig. 28 shows an overview of the 
development of 3DBP. 

4.7.1. 3D bioprinting manufacturing procedures 
Today, constructing tissue-like structures using bioprinting the 

methodology requires adhering to a manufacturing process that com-
prises pre-bioprinting (organ imaging, gathering data, and 3D model-
ling), cell and bioink selection, bioprinting, and post-bioprinting stages 
must be followed (Fig. 29) [324]. Normal tissue is imaged using CT scans 
and converted to digital patterns for bioprinting. The bioprinting stage 
involves selecting a suitable technique, selecting the type of cell, the 
scaffold, and the growth factors, and obtaining enough cells [325]. 
Before 3DBP, equipment and parameters must be configured and 
defined. Live cells and bioinks are placed in ink cartridges at physio-
logical temperature and pH [326]. The bioprinter creates 3D tissue with 
better resolution, extending the useful life of the scaffold. 
Post-processing involves crosslinking 3DP scaffolds with cells using 
thermal, chemical or physical techniques [327]. 

Scaffold-based 3DBP involves extrusion, droplet-based, laser- 

Fig. 26. Major Applications of 3D Printing in Healthcare.  

Fig. 27. Application and impact of 3D printing technology.  
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assisted, and vat-based polymerization bioprinting (Fig. 30). Extrusion 
processes deposit bio-inks, droplet-based processes gather bio-ink 
droplets, laser-assisted bioprinting uses laser energy, and vat 
polymerization-based bioprinting uses ultraviolet or infrared light 
[328]. Table 4 lists some examples of 3D bioprinters employed for tissue 
engineering and regenerative medicine. 

4.7.1.1. Extrusion-based bioprinting. Extrusion bioprinters (Fig. 31a), 
developed in 2002 [348], are the most popular bioprinting technology 
due to their versatility, affordability, and capacity to produce massive 
3D structures [349]. These printers have two or more printing heads that 
extrude bio-ink made of cells, growth factors, or materials. The cartridge 
is attached to a printing arm, allowing 3D pattern fabrication[350], 
while printing. Cells are protected from harsh conditions by low-speed 
and pressure extrusion, which also provides high cell density [351,352]. 

Although EBB has advantages, it also has drawbacks such as poor 
resolution, hydrogel deformations, nozzle blockage, and cell death 
[350]. The time it takes to bioprint complex structures has an impact on 
cell viability, as high cell concentration affects vitality. Due to the 
absence of cell culture media, cells also experience dehydration and 

nutritional deficiencies. 
Extrusion-Based Bioprinting Extrusion-Based Bioprinting is the most 

popular technique in modern bioprinters, with 57% of commercialized 
3D bioprinters worldwide [353]. Create various 3D tissues and biolog-
ical constructs, including kidneys, liver, blood vessels, and other engi-
neered structures [354]. 

4.7.1.2. Droplet-based bioprinting. Droplet-based bioprinting techniques 
(Fig. 31b), first developed in 1988 [355], include electro-hydrodynamic 
jetting, inkjet, acoustic and microvalve-based methods. Inkjet bio-
printing includes continuous and drop-on-demand techniques, using 
piezoelectric, thermal, and electrostatic methods. Drop-on-demand 
technology offers affordable prices, fast printing due to parallel print-
heads, and high cell viability [356]. However, it has limitations such as 
limited material selectivity, inconsistent temperatures, and frequent 
printhead blockage. Hybrid cell printing techniques are being 
researched to improve performance [357]. 

Inkjet-based bioprinting is the second most prevalent mode, with 
10% of commercial bioprinters worldwide. However, inkjet printing of 
cells is limited by technical challenges and practical difficulties [358]. 

Fig. 28. A diagram illustrating the development of 3D bioprinting (3DBP) methods [323].  

Fig. 29. Diagram illustrating the stages in the 3DBP process for building organs.  

Fig. 30. Categorization of the four-primary scaffold-based 3D bioprinting approaches: extrusion-based, droplet-based, laser-assisted, and vat polymerization-based.  
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Inkjet-based bioprinting has created 3D replicas of various tissues [343], 
including cartilage, neural tissues, the brain, kidney, skin, and liver. This 
technology could be beneficial in wound healing and layer-by-layer 
filling of wounds [359]. 

4.7.1.3. Laser-based bioprinting. Laser-assisted bioprinting (Fig. 31c), 
introduced in 1999, resembles direct writing techniques and includes 
matrix-assisted laser evaporation writing, laser-induced forward trans-
fer, and forward transfer supported by an absorption film. Laser-assisted 
bioprinting is a complex process that uses pulsed laser radiation to 
transfer materials to a substrate. It requires an objective, beam-delivery 
optics, a pulsed laser source, and a receiving substrate, and does not 
require nozzles, making it resistant to clogging problems like extrusion- 
based bioprinting [356]. 

Laser-assisted bioprinting offers advantages such as high cell density 
and viscosity biomaterials, high-resolution printing, and real-time 
observation of living cells and biomaterials [360]. Commercial 
laser-assisted bioprinters account for 3% of the total number of 

bioprinters in the worldwide 3D bioprinting market. This approach is 
appealing for multicellular constructions in space-ordered patterns since 
it is non-contact and orifice-free and permits accurate microscale 
deposition of biological material. Laser-assisted bioprinting offers pre-
cision in microscale structure geometry and higher cell viability 
compared to extrusion and inkjet processes [358]. 

Laser-assisted bioprinters have the ability to build intricate 3D tissue 
constructs, such as hollow tubes, skin, bone, and transplants. They have 
also been effective in producing patterned liver models that closely 
resemble the liver lobule structure [361]. 

4.7.1.4. Vat polymerization-based bioprinting. In 1984, vat polymeriza-
tion bioprinting was introduced, offering high manufacturing accuracy 
for tissue engineering applications (Fig. 31d). This technique uses photo 
initiators for crosslinking, enabling intricate, high-resolution tissue 
structures [362]. 

Stereolithography bioprinting is a light-based method for 3D object 
printing, using layer-by-layer light patterning to photo-crosslink specific 

Table 4 
Examples of 3D bioprinters used for tissue engineering and regenerative medicine.  

Company Bioprinter Features Tissue or Organs Reference 

ORGANOVO 
(San Diego, CA, 
USA) 

NovoGen 
MMX™  

1. Manufactures biological tissues such as those in the pancreas, liver, 
kidneys, intestines and skin.  

2. Two print-heads are included, one for cell extraction and a second for 
printing hydrogels, scaffolds, or soft biomaterials.  

1. Kidney, tissue-engineered muscle, liver, 
human intestinal tissue. 

[329–331] 

ENVISIONTEC 
(Gladbeck, 
Germany) 

3D Bioplotter®  1. Capable of processing a range of biomaterials (such as hydrogels, soft 
polymers, bioceramics, etc.).  

2. Used in the formation of skin and cartilage, and in the regeneration of 
bones, cells and organs.  

1. Blood vessels, adipose tissue, tracheal 
graft, tooth tissue, adipose tissue. 

[332] 

CELLINK 
(Gothenburg, 
Sweden) 

BIO X™  1. Three print-heads.  
2. Built on the extrusion principle.  
3. Could create structures from any kind of cell (such as fibroblasts, stem 

cells, or endothelial cells).  
4. Equipped with a UV-C germicide, allows for the sterilization of light in 

the printing area.  

1. Engineered neural tissues, skin 
constructs, wound dressings, bone 
tissue. 

[333,334] 

ASPECT 
BIOSYSTEMS 
(Vancouver, BC, 
Canada) 

RX1™  1. Capable of producing diverse, physiologically complicated diverse 
human tissues.  

2. High cell density bioprinting with excellent survivability and 
phenotypic preservation.  

3. Low-viscosity biomaterials are used.  

1. Renal tissue, 3D contractile smooth 
muscle tissues, engineered neural 
tissues, brain tissue 

[335,336] 

GESIM 
(Radeberg, 
Germany) 

BioScaffolder®  1. Printing with or without cells of extremely distinct hard and soft 
biopolymers.  

2. Porous and multi-biomaterial structures can be designed and printed 
using a bioprinter for tissue engineering.  

3. Nanoliter pipetting, coaxial extrusion, and sequential bioprinting.  

1. Repair of heart tissue, periodontal tissue, 
and vaginal wall. 

[337,338] 

ALLEVI 
(Philadelphia, 
USA) 

Allevi  1. Contains blue and ultraviolet (UV) light for LED photo curing.  
2. Enables the use of several biomaterials, including graphene, matrigel, 

collagen, and methacrylate.  

1. Osteochondoral constructions, bone 
grafts, and veterinary dosages. 

[339,340] 

REGENHU 
(Fribourg, 
Switzerland) 

3D Discovery® 
Evolution  

1. Ability to fabricate in both macro and nano dimensions with a single 
unit.  

2. Similar to the tissue architecture found in nature is produced.  
3. Uses a single instrument to provide 11 distinct printhead technologies.  
4. The specification and configuration can be adjusted and customized.  

1. Engineered tissues are produced in 
cartilage tissue. 

[341,342] 

REGENHU 
(Fribourg, 
Switzerland) 

Biofactory ®  1. Modified to work with a variety of bioprinting methods, such as 
droplet and extrusion methods.  

2. Enables working with a wide variety of biomaterials, including high- 
viscosity biomaterials, proteins, and photo-cross-linkable hydrogels.  

3. Gives access to a system integrated inside the laminar flow hood that 
keeps the air sterile by controlling the temperature, humidity, and gas 
composition.  

1. Skin, air–blood tissue barrier, skin tissue 
regeneration, 3D tubular construction. 

[335,343, 
344] 

CLUSTER 
TECHNOLOGY 
(Osaka, Japan) 

DeskViewer™  1. Using the underlying technology of piezoelectric inkjet printing.  
2. The unit contains four injectors with various sized nozzles.  
3. Capable of printing various cell or protein solutions.  
4. The drop that emerges from the nozzle can be adjusted and varied in 

terms of both volume and diameter.  

1. Human tissue chips. [345] 

REGEMAT 
(Granada, Spain) 

Bio V1  1. Suitable for osteochondral tissues and usable in other related 
applications.  

2. A wide range application is made possible by exchangeable 
printheads.  

1. Builds of articular cartilage and bone 
tissue. 

[346,347] 

POIETIS 
(Pessac, France) 

NGB-R™  1. Excellent precision and resolution characteristics.  
2. Featuring an integrated in-line monitoring system that can regulate 

the precision of each layer applied, resulting in regulated 3D cellular 
architectures and repeatable tissue designs.  

1. Skin model. [98]  
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portions of a photo-sensitive bio-ink [362]. It is nozzle-free, clogging--
free, and faster than nozzle-based systems. It offers the highest spatial 
resolution among current bioprinting techniques [363]. 

Vat polymerization-based bioprinting enhances tissue engineering 
by producing materials containing cells, biomaterials, and photo initi-
ators, with potential applications in biomedicine, including aortas, heart 
valves, and cranial implants [362]. 

Fig. 32 depicts an overview of the bioprinting manufacturing pro-
cess, which includes the pre-bioprinting, cell and bioink selection, bio-
printing, and post-bioprinting phases. Table 5 lists the advantages and 
drawbacks of these four types of operation. 

4.7.2. Bio-inks 
Bioprinting creates 3D tissue buildings with preprogrammed pat-

terns and geometries containing biomaterials and living cells, known as 
bioink [370]. Bioinks protect cells from damage during printing and 
have a viscosity similar to that of gel, making them easy to print [371]. 
Distinguishing between bioink (cell-laden) and biomaterial ink (cell--
free) is crucial in bioprinting (Fig. 33). Biomaterials that form bioinks 
function as cell transporters, allowing cell delivery during the formu-
lation and bioprinting process [372]. Biomaterial inks are not consid-
ered bioinks, but they reduce biological limitations that affect ink 
characteristics and behavior. 

Bioinks and biomaterial inks are formulations based on cells, while 
biomaterial inks are made up of biomaterials, biologically active com-
ponents, and other elements [373]. 3D bioprinting technology has sig-
nificant potential in regenerative medicine, with the demand for 

bioprinted tissues and organs increasing. An ideal bioink must possess 
the right mechanical, rheological and biological characteristics for tissue 
constructs to function properly. Bioinks can be classified into 
scaffold-free and scaffold-based types. Uniform bioink formulations are 
essential for various bioprinting tasks, and the selection depends on the 
specific application, cells, and bioprinter. 

4.7.2.1. Scaffold-free bio-inks. There has been a lot of interest in making 
use of scaffold-free cell suspensions in 3D bioprinting technologies to 
produce tissues or organs which employ mono- or multicellular aggre-
gations of cells, including cell sheets, pellets, spheroids, and more 
recently tissue strands (Fig. 34a-c). The basic concept of this approach is 
the collection, harvest, and extraction of the targeted cells without 
disrupting the cells or subjecting them to any chemical or enzymatic 
treatment [374]. Compared to scaffold-based bioinks, these bioinks have 
a higher starting cell seeding density, cell proliferation, and migration, 
which reduces the period of time necessary to form a tissue [374]. To 
enhance cellular interactions, the scaffold-free method involves depos-
iting cell aggregates or multicellular spheroids in 3D models of tissue 
segments that have already been printed. According to this method, 
cell-cell interactions lead to self-assembly of cells and the organization 
of structures [375]. 

4.7.2.2. Scaffold-based bio-inks. The scaffold-based bioprinting tech-
nique (Fig. 34 d,e) involves packing living cells with decellularized 
matrix components, which are then bioprinted in a specific structure 
[376]. This method is faster than scaffold-free bioprinting, but requires 

Fig. 31. An outline of the most common scaffold-based 3D bioprinting approaches: Bioprinting techniques include (a) extrusion-based techniques, (b) inkjet-based 
techniques, (c) laser-assisted techniques, and (d) vat polymerization-based techniques [328]. 

Fig. 32. State-of-the-art 3D bioprinting technology [323].  
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Table 5 
Comparison of parameters based on the bioprinting techniques used: extrusion, droplet, and laser.  

Parameter Extrusion-based Droplet-based Laser-based Vat polymerization Ref. 

Material various biocompatible materials Possible to print numerous cells, which is 
necessary for complex organs. 

extremely quick gelation photo-sensitive bio- 
ink 

[364] 

Viscosity 30 mPa⋅s -> 6 × 107 mPa⋅s 3.5–12 mPa⋅s 1–300 mPa⋅s No limitation [322, 
365] 

Gelation Shear thinning, temperature, photo- 
crosslinking, and chemical 

Chemical, photo-crosslinking Chemical, photo-crosslinking photo-crosslinking [365] 

Resolution 5 µm to a few millimeters < 1 pl to > 300 pl droplets, 50 µm wide Cell Possibility of manipulating a 
single cell 

< 50 µm [366] 

Print Speed Slow (10–50 µm/s) Fast (1–10,000 droplets per second) Medium-fast (200–1600 mm/ 
s 

Fast multi layers / s [322] 

Nozzle 
Dynamics 

Shear stress caused by the nozzle wall and 
extrusion pressure 

Non-contact Nozzle, however it might get 
obstructed 

Nozzle Free Nozzle-Free [367, 
368] 

Cell Viability 40–80% >85% >95% >85% [369] 
Cell Density High, cell spheroids Low, <106 cells/ml Medium, 108 cells/ml Medium, 108 cells/ 

ml 
[360]  

Fig. 33. Difference between a bioink (i.e., cell-laden) and a biomaterial ink (i.e., cell-free).  

Fig. 34. Scaffold-based and scaffold-free bioprinting technologies: (a) extrusion-based bioprinting, (b) droplet-based bioprinting, (c) laser-based bioprinting, (d) 
bioprinting tissue spheroids, and (e) bioprinting cell pellet collapse. 
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more time [377]. The bioprinting medium is a soft biomaterial that al-
lows living cells to be deposited as tissue-like replicas. Ideal bioinks 
should have significant bioprintability, in situ gelation, accuracy, me-
chanical and structural strength, cytocompatibility, tissue regeneration, 
permeability, oxygen, nutrients, metabolic waste, and controlled 
biodegradability. However, producing fully functional organs is chal-
lenging due to the lack of a suitable bioink, as conventional materials 
lack essential characteristics [378]. 

4.7.3. Hydrogels for 3D bioprinting 
Hydrogels are essential components for 3D bioprinting as they 

incorporate water while remaining impermeable to it in their three- 
dimensional networks[379]. They have a high-water absorption ca-
pacity and can change from a gel to a solid state under certain condi-
tions. These cross-linked polymeric materials are vital for maintaining 
the mechanical and 3D stability of printed tissue. Hydrogels can be used 
with a variety of 3D bioprinting techniques, including inkjet, 
laser-assisted printing, microextrusion, and stereolithography[380]. 
Advances in 3D bioprinting techniques have made hydrogel-based ma-
terials suitable for various uses, including tissue engineering, stem cell 
therapy, and immunomodulation. However, uses related to biomedical 
engineering demand more than just mechanical and chemical adapt-
ability from hydrogels; they also require cell compatibility and simula-
tion of the extracellular matrix environment for cell functions [381]. 

Novel manufacturing methods have been developed to address dy-
namic modulation of hydrogels, allowing control of spatial heteroge-
neity and enabling specific biological interactions within printed cells. 
Some hydrogels also have different cell-binding sites, which makes it 
easier to bind printed cells for spread, growth, and differentiation [382]. 

Bioprintable hydrogels can be derived naturally or synthetically. 
Natural hydrogels, such as collagen, fibrin, and gelatin, have signaling 
molecules for cell attachment [383]. Synthetically produced hydrogels 
such as Poly-D, L-Lactic Acid (PLA), Acrylonitrile Butadiene Styrene 
(ABS), polyethylene glycol (PEG), Poly(glycolic acid) (PGA), poly-
caprolactone (PCL), Polybutylene Terephthalate (PBT), Poly(vinyl 
alcohol) (PVA) and Poly(lactic-co-glycolic acid) (PLGA) are also widely 
used [384]. Natural hydrogels have limitations due to their low me-
chanical strength and rapid biodegradability. To get around these re-
strictions, hybrid bioinks comprised of both organic and synthetic 
hydrogels have been created. 

4.7.3.1. Natural polymer-based bioinks. Due to their ability to provide 
specialized scaffolding systems for the cellular structure and functional 
arrangement of cells, natural polymers such as collagen, agarose, 
gelatin, alginic acid, chitosan, etc., have assumed significant roles as 
bioinks for 3D bioprinting of tissues and organs [385]. They have unique 
characteristics like nontoxicity, biocompatibility, and biodegradability 
that make them ideal for a range of tissue engineering applications.  
Table 6 lists the disadvantages as well as advantages of bioinks made 
from natural ingredients. Table 7 shows the regeneration of several 
types of wounded tissues using natural hydrogel-based bioinks.  

a) Collagen-Based Hydrogel 

Collagen (Fig. 35), is the most common extracellular matrix (ECM) 
molecule in adult mammals, accounting for 30% of protein composition 
in multicellular animals [386]. It has 29 subtypes, with type I, type II, 
and type III variants accounting for 90% of collagen [387]. The primary 
structural component is a 300 nm protein consisting of three braided 
α-subunits, each with a repeating motif. These strands form a distinctive 
triple helix structure, with every residue containing glycine (Gly), 
forming an Aaa-Baa-Gly-Caa-Daa-Gly repeat unit [387]. The 
right-handed triple helix is formed by coiling and wrapping parallel 
chains, creating a left-handed polyproline II-type (PPII) helix supported 
by 360-degree intra- and interstrand hydrogen bonds [388]. 

The right-handed triple helix is created by these parallel chains that 
coil and wrap around one another to form a left-handed polyproline II 
type (PPII) helix, which is held in place by hydrogen bonds and inter-
strand intrastrand n→π * interactions [388]. A nucleophile provides the 
electron density to the vacant π * orbital * of a neighboring carbonyl 
group in an n→π * interaction. Energy is released as these orbitals 
combine, leading to an attractive interaction. 

Table 6 
Drawbacks and advantages of bioinks made of natural polymers.  

Natural- 
based Bio- 
inks 

Advantages Disadvantages Ref. 

Collagen This hydrogel might 
improve cell adhesion and 
function because of the 
ability of collagen to 
connect with elastin fibers 
to provide recoil to 
fibronectin and the 
extracellular matrix. 

Poor mechanical 
characteristics. Its 
usefulness could be 
restricted by rapid 
degradation. 
Thrombogenicity, 
contamination, and source 
and batch variability are 
just a few more concerns 
with the hydrogel. 

[432, 
433] 

Gelatin Biocompatible and non- 
immunogenic. 

The quick degradation 
rates and weak mechanical 
characteristics of the 
bioink make it inapplicable 
for the development of 
stable scaffolds and 
hydrogels. 

[434, 
435] 

Fibrin Superior biocompatibility 
and biodegradation. 

Weak mechanical 
characteristics. 

[436] 

Silk Highly printable and have 
outstanding resolution. 
Furthermore, cell viability 
can be preserved. 

Poor mechanical 
characteristics and adverse 
swelling behavior. 

[432] 

Alginate Non-toxic, 
biocompatibility, 
biodegradability, and 
hydrophilic. 

Bio-ink might not be very 
stable and have inadequate 
mechanical characteristics. 

[437] 

Hyaluronic 
acid 

The bioink has advantages 
including inherent 
bifunctionality, non- 
immunogenicity, 
flexibility, and biological 
degradation. 

Fast degradation and weak 
mechanical characteristics 
define the bioink. 
Enzymatic degradation 
and oxidant species both 
contribute to degradation. 

[438, 
439] 

Chitosan In addition to being non- 
toxic, the bioink offers 
good flexibility 
characteristics. 

Weak mechanical 
characteristics, poor 
stability, and difficulty 
controlling the pore size. 

[440] 

Cellulose After printing, the final 
construct can have good 
cell viability and favorable 
water retention. 
Additionally, the bioink 
has high crystallinity, 
acceptable 
biocompatibility, low 
toxicity, and high tensile 
strength. 

Some application 
restrictions result from 
poor dissolution. 

[441] 

Agarose The bioink only needs 
relatively low gelation 
temperatures (40 ◦C). 
Additionally, the 
constructions produced by 
the bio-ink have good 
shape accuracy. 

Agarose is not frequently 
used as a material for 
bioprinting methods 
because of restrictions 
associated with viscosity 
clogging. The construction 
may be constrained by 
difficulties with 
brittleness, even though 
structures made with this 
bioink have good shape 
preservation. 

[442, 
443] 

dECM-based 
bio-inks 

Superior cell viability. The higher price compared 
to other bioinks derived 
from natural sources might 
be a drawback. 

[444]  
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Collagen is a hierarchical biomaterial that self-assembles into fibrils 
about 1 cm long and 500 nm in diameter. It is biodegradable, biocom-
patible, and low immunogenic, making it popular in 3D bioprinting for 
tissue engineering applications [389]. Collagen has been used in 3D 
bioprinted thyroid gland, skin healing, and cornea fabrication [390]. 
Commercial collagen is obtained primarily from mammalian sources, 
such as pig hide and bone, but can spread diseases. Marine collagen, 
found in fish by-products such as skin, scales, and bone, offers advan-
tages over land-based mammalian collagen, including its abundance, 
low melting point, low viscosity, good water solubility, and low risk of 
disease transmission [391].  

b) Fibrin-Based Hydrogels 

Fibrin (Fig. 36), a biopolymer generated during blood coagulation, is 
crucial for wound healing by inhibiting blood leakage and facilitating 
tissue regeneration. Its 3D network of randomly placed fibers inhibits 
blood leakage and helps platelets and leukocytes produce soluble com-
ponents [392]. Fibrin’s in vivo approach is straightforward and 
repeatable in-vitro. Its amino acid sequences facilitate cell attachment, 
proliferation, and differentiation, and its biocompatibility makes it a 
popular scaffold for 3D cell culture in tissue engineering applications. 

In limited proteolysis by thrombin, fibrinogen, a plasma glycoprotein 
340 kDa, is transformed into fibrin [393]. Due to changes in partial 
proteolysis, phosphorylation or sulfation of amino acids, genetic poly-
morphisms, and alternative splicing, the protein is quite diverse [394]. 
Fibrinogen is made up of 29 disulfide bonds that connect its 2Aα, 2Bβ, 
and 2γ-chains together to form a dimeric structure [394]. The D-region 
is made up of the Bβ,- and C-termini, while the N-termini of all 6 chains 
are found in the E-region. 2α-helical coiled coil segments link the 
D-regions to the E-region. In fibrinogen, the Aα C-termini are globular 
and adjacent to the E region [395]. 

The physical, mechanical, and rheological characteristics of bio-inks 
are crucial for 3D bioprinting’s effectiveness. Fibrinogen bioink cannot 
maintain a stable shape due to its Newtonian fluid behavior [396]. To 
overcome this issue, methods such as combining fibrinogen with print-
able materials such as gelatin and PEG have been developed. These 
techniques create tissue-like structures, simulating complex soft tissues 
with mechanical stiffness, and improving hard-like tissues by enhancing 
cell survival in stiffer microenvironments [397].  

c) Hydrogels based on hyaluronic acid 
HA (Fig. 37), is a naturally occurring polymer composed of 

negatively charged glycosaminoglycans (GAGs) found in all verte-
brate tissues [398]. It is biodegradable and biocompatible but can be 
broken down by enzymes or free radicals. HA contributes to tissue 
preservation, homeostasis, viscoelasticity, and lubrication, and plays 
an essential role in inflammation, wound healing, tissue repair, 
morphogenesis, tumor proliferation, and metastasis [399]. Its 3D 
cross-linked network promotes cell attachment and hydrophilicity, 
allowing molecules to diffuse within its matrix. HA-based hydrogels 
are ideal for 3D bioprinting due to their biomechanical stability, 
printability, and degradation rate [400]. 

To ensure smooth flow and easy printing, bio-inks with suitable 
viscosity and shear thinning are used [400]. Low-viscosity bioinks 
cause sagging and floppy 3D structures, while shear thinning mate-
rials maintain long-lasting 3D pattern preservation [401]. 

Table 7 
Use of natural hydrogel-based bioinks in the regeneration of several types of 
injured tissues.  

Tissue or organ Bio-inks Reference 

Skin Tissue  – Nanocellulose alginate with Fibroblasts.  
– dECM hydrogel containing various cell types.  
– Collagen with keratinocytes and fibroblasts.  
– Gelatin-methacryloyl with human fibroblasts. 

[445] 
[416] 
[446] 
[447] 

Neural tissue  – Fibrin containing human-induced pluripotent 
stem cells.  

– Schwann cells containing methacrylated 
hyaluronic acid.  

– Fibrin containing neural progenitor cells.  
– Fibrin-containing neural cells. 

[448] 
[333] 
[449] 
[450] 

Periodontal tissue  – Gelatin-alginate-containing stem cells from 
human dental pulp.  

– Cells containing gelatin methacrylate from 
human primary periodontal ligaments. 

[449] 
[337] 

Renal tissue  – Photo-cross-linked dECM in human kidney 
cells that have undergone methacrylation 
modification.  

– Epithelial endothelial cells embedded in an 
alginate-gelatin-pectin hydrogel. 

[451] 
[336] 

Adipose tissue  – Gelatin-alginate containing mesenchymal 
tissue from human adipose tissue.  

– dECM hydrogel containing human adipose- 
derived stem cells. 

[452] 
[453] 

Tracheal graft  – Fibrin hydrogel containing mesenchymal stem 
cells. 

[454] 

Chondral tissue  – Collagen-supramolecular hyaluronic acid 
incorporated human mesenchymal stromal 
cells.  

– Silk with stem cells.  
– Hyaluronic acid containing gelatin- 

methacrylamide-methacrylated hyaluronic 
acid containing human adipose stem cells.  

– Alginate with human chondrocytes and 
osteogenic progenitors. 

[455] 
[339] 
[456] 
[457] 

Vaginal wall  – Alginate contains endometrial mesenchymal 
stem cells. 

[338] 

Bone tissue  – Alginate-gelatin-agarose hydrogel seeded 
with SaOS-2 cells.  

– The bone-like hybrid hydrogel comprises 
chitosan-hydroxyapatite nanocrystals seeded 
with human osteosarcoma cells.  

– Chitosan contains osteoblast cells.  
– Silk-gelatin hydrogel seeded with 

mesenchymal stem cells. 

[419] 
[458] 
[334] 
[459] 

Breast tissue  – dECM hydrogel containing human adipose- 
derived stem cells. 

[460] 

Muscle tissue  – dECM hydrogel seeded with human skeletal 
muscle cells.  

– The dECM hydrogel contains progenitor cells. 
– The alginate-collagen hydrogel contains in-

testinal smooth muscle cells. 

[461] 
[330] 
[462] 

Vascular 
constructs  

– Fibrinogen-gelatin hydrogel containing 
primary neonatal human dermal fibroblasts. 

[463] 

Cardiac tissue  – The dECM hydrogel contains human-induced 
pluripotent and mesenchymal stem cells.  

– Alginate contains human cardiac-derived 
cardiomyocyte progenitor cells. 

[464] 
[465] 

Menisci  – Silk–gelatin hydrogel containing 
fibrochondrocytes. 

[414] 

Biological 
engineered 
tissues  

– Alginate-chitosan-agarose contains induced 
pluripotent stem cells.  

– Platelet-rich plasma embedded in an alginate- 
gelatin hydrogel.  

– Human mesenchymal stem cells seeded in 
agarose.  

– The collagen hyaluronic acid hydrogel 
contains human bone marrow–derived 
mesenchymal stromal cells. 

[466] 
[467] 
[468] 
[342] 

Spinal cord  – Collagen-silk hydrogel containing neural stem 
cells. 

[469] 

Blood vessels  – Polyethylene glycol-hyaluronic acid-gelatin 
contains fibroblasts. 

[470] 
[332] 
[471]  

Table 7 (continued ) 

Tissue or organ Bio-inks Reference  

– vascular smooth muscle cell–laden hydrogel 
comprising gelatin methacryloyl, 
Polyethylene(glycol) diacrylate and alginate.  

– Gelatin methacryloyl contains multiple cell 
types.  
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Pentenoate-functionalized HA has shear thinning capabilities, mak-
ing it a more useful material for bioinks [402]. Improved viscoelas-
ticity of hydrogels can be achieved by combining HA with chitosan, 
alginate, and other materials [403]. Cross-linking processes also 
impact printability and physico-rheological characteristics [403]. 
The process employed to cross-link the material also has a substantial 
impact on the hydrogel’s printability, in addition to its 
physico-rheological characteristics. Additionally, a stepwise multiple 
cross-linking method was presented for pure HA hydrogel pre-
cursors. For consistent and stable filament extrusion, a chemical 
pre-cross-linking using a Michael addition reaction is advantageous 
during the mixing stage. Thiol-acrylate or acrylate-acrylate photo-
polymerization was used during the extrusion stage to improve the 
mechanical characteristics of the 3D printed hydrogel and preserve 
the geometry of the 3D pattern [404].  

d) Alginate-Based Hydrogels 

Alginate (Fig. 37), is a low-cost biopolymer made from calcium, 
magnesium, and sodium alginate ions, is a biomaterial commonly used 
in bioprinting applications [405]. It is a polyanionic linear block 
copolymer with longer M or G blocks, with G blocks responsible for 
strength and stiffness and M blocks for elasticity [406]. Alginate is 
biocompatible and minimally cytotoxic, making it suitable for use in 
bioinks. However, pure alginate has limitations as a bioink due to lack of 
binding spots and slow biodegradation [370]. Due to its excellent 
biocompatibility and minimal cytotoxicity, alginate is a biological 
polymer that is frequently used in applications involving generic bio-
materials [370]. Uses of alginate-based hydrogels for 3D bioprinting are 
limited by their low viscosity and poor adhesive property. 

To improve performance as a bioink, alginate can be mixed with 

Fig. 35. Chemical structure of collagen.  

Fig. 36. Diagram showing the structure of fibrinogen, which is stabilized by activated factor XIII and cross-linked by thrombin.  
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other substances such as gelatin, gelatin methacrylate, PVA, hyaluronic 
acid, collagen, and nanocellulose [407]. Alginate mixed with gelatin 
improves cell attachment and proliferation, as collagen is hydrolyzed to 
produce gelatin, which promotes cell adhesion, proliferation, migration, 
and differentiation [408].  

e) Gelatin-based Hydrogels 
Gelatin is a water-soluble protein with molecular weights ranging 

from 20 to 250 kDa, made by partially hydrolyzing collagen from 
bones, skin, and connective tissues [409]. It forms simple gels at low 
temperatures through hydrophobic crosslinking and is soluble in 
warm water solutions [409]. Gelatin gels can only be used at phys-
iological temperatures or higher because of their low melting point. 
Gelatin can contain biomolecules, allowing for adjustments in 
crosslinking and molecular weight to control drug loading and 
release kinetics [409]. Gelatin-based hydrogels are used in various 
biological applications, including cell encapsulation, wound healing, 
soft tissue restoration, nerve regeneration, and 3D bioprinting [410]. 

Gelatin is a well-known candidate for bioinks because of its 
biocompatibility and biodegradability, but its application is con-
strained by its low printability [411]. Combining gelatin with other 
ingredients can improve its rheological characteristics, such as 
adding hyaluronan and glycerol [411]. A consistent bioink with 
outstanding printing resolution can be produced using a mixture of 
10 mg and 20 ml of gelatins, hyaluronic acid and 10% v/v glycerol 
[412].  

f) Silk-based Hydrogels 

Silk, a fibrous protein produced by arachnids and myriapods, has 
amphiphilic properties and can create semicrystalline structures 
through hydrophobic reactions and cross-linking [413]. Silk-based 
hydrogels, a natural hydrogel, have potential applications in tissue en-
gineering, wound healing, bone regeneration, drug release regulation, 
and 3D bioprinting [413]. Bandyopadhyay and Mandal used an inno-
vative silk-based bioink with superior print accuracy and shear-thinning 
capabilities [414]. Rodriguez et al. found that silk-based bioinks can be 
used in soft tissue reconstruction, maintaining structural integrity under 

physiological conditions and encouraging cellular infiltration and tissue 
integration [415]. The bioink is biocompatible and promotes cellular 
infiltration and tissue integration.  

a) dECM-based bioinks 

DECM-based bioinks are used in tissue engineering to improve 
biocompatibility and create 3D bioprinted constructions [416]. These 
bioinks induce cell-matrix interactions and organ-specific differentia-
tion techniques, preserving normal tissue function and incorporating 
cell surface receptors [417]. These hydrogels retain essential structural 
and stimulating features of the extracellular matrix (ECM), attracting 
interest for recellularization, cell differentiation, and proliferation. 
Studies have shown that dECM bioinks have the right mechanical 
characteristics for 3D bioprinting technology and can increase 
tissue-specific differentiation over traditional bioinks.  

g) Agarose-Based Hydrogels 
Agarose (Fig. 37), a non-ionic linear copolymer derived from red 

seaweed, is a biocompatibility factor in biomedical applications 
[418]. The polymer agarose is derived from agar-agar, which is made 
from red seaweed. It is a non-ionic linear copolymer that is held 
together by alternating glycosidic links (14) and (13) made up of 
repeated units of -D-galactose and − 3, 6-anhydro-L-galactopyranose 
residues [418]. 

It can form hydrogels without hazardous catalysts or cross-linking 
agents and is used for self-healing materials, cell culture, cartilage 
tissue engineering, drug release, and 3D bioprinting [419]. Gu et al. 
produced a unique agarose-based bioink, using native and carbox-
ylated agarose [420]. The bioink exhibits sol-gel transition at 37 ◦C 
and supports high cell density without sacrificing printability [420].  

h) Chitosan-based hydrogels 
Chitosan (Fig. 37), an aminopolysaccharide with molecular 

weights ranging from 50 to 2000 kDa, is found in crustaceans, in-
vertebrates, and fungi [421]. It is a cationic heteropolymer made up 
of d-glucuronic acid and N-acetyl-D-glucosamine disaccharide inked 
by alternating β-(1→4) and β-(1→3) glycosidic bonds [421]. 

Fig. 37. Chemical structure of cellulose, agarose, chitin, chitosan, HA, and alginate.  
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Chitosan is insoluble in neutral and basic environments, but can be 
dissolved in an aqueous acidic environment [422]. Researchers have 
explored chitosan modification approaches to improve the quality of 
bioinks. Roehm et al. used ethylenediaminetetraacetic acid (EDTA) 
to modify chitosan, increasing the expression of chondrogenic 
chondrocyte genes and cell attachment [423]. 

They also demonstrated the viability of fabricating structures with 
chitosan-based bioink composed of chitosan and gelatin [423]. 
Another study examined a bioink based on nanocellulose / chitosan 
made from chitosan, glycerophosphate, and hydroxyethylcellulose 
and embedded with cellulose nanocrystals (CNCs), improving its 
viscosity and improving the mechanical properties of scaffolds con-
taining cells [424].  

i) Cellulose-Based Hydrogels 

Cellulose (Fig. 37), a widely used biopolymer, is produced by algae, 
fungi, and bacteria [425]. It is a linear homopolymer with a 3D matrix 
and crystalline structure [425]. Several cellulose derivatives have been 
produced to increase water solubility, such as hydrox-
ypropylmethylcellulose (HPMC) and carboxymethylcellulose (CMC) 
[426]. These materials are widely used in the pharmaceutical industry 
for drug administration in oral tablet and capsule formulations [427]. 

Cellulose has the potential to be a biomaterial for bioprinting due to 
its 400 biocompatibility traits [428]. Researchers have attempted to 
overcome its mechanical limitations by creating bio-inks with improved 
printability and shape accuracy [429]. One such bioink was created by 
replacing the hydroxyl group in glucopyranose chains with carbox-
ymethyl groups [429]. Another bioink was developed using gelatin, 
chitosan, carboxymethyl cellulose, and hydroxyapatite. Another study 
found an antagonistic relationship between sodium alginate and cell 
viability, with bioinks containing 1% and 2.5% sodium alginate that did 
not affect cell viability [430]. 

Another study by Zhang et al. explored the use of bioink based on 
cellulose for the regeneration of articular cartilage and stem cell therapy 
[431]. A cellulose-based hydrogel was produced, which displayed 
shear-thinning and self-healing properties and demonstrated higher 
elastic modulus in comparison to cellulose-based hydrogels. 

4.7.3.2. Synthetic polymer-based bioink. The most practical thermo-
plastic polymers are synthetic polymers, which offer better structural 
and mechanical characteristics. Natural polymers have low solubility 
and high viscosity, whereas synthetic polymers offer high strength, 
dominating microstructure, and regulated degradability [472]. There 
are fewer constraints on how synthetic polymers are produced and they 
have better structural and mechanical characteristics. Given their 
massive molecular weight, natural polymers are low solubles and have 
high viscosities [473]. Synthetic polymers have contributed signifi-
cantly to advances as high applicability materials in 3D bioprinting due 
to the characteristics they provide, including high strength, dominant 
microstructure, and controlled degradability [472]. A list of several 
significant synthetic polymers is provided below, along with a brief 
description: Fig. 38 shows the chemical structure of various synthetic 
polymers used as bioink.  

1) Polylactic acid (PLA) 
A popular polymeric bioink, PLA (Fig. 38), is a hydrolytically 

degradable aliphatic polyester with features that include biocom-
patibility, degradability, and printing capability [474]. It is the pri-
mary polymer employed in the FDM process, as a precursor, PLA. To 
replace ligaments and non-biodegradable fibers, PLA-generated fil-
aments can be employed in musculoskeletal tissue engineering. The 
breakdown of PLA results in the production of acidic by-products, 
which compromises its long-term biocompatibility by causing tis-
sue inflammation and cell death [475]. Furthermore, PLA fragility 
limits its application because it reduces its overall strength relative to 
bone. By combining it with inexpensive ceramics, such as calcium 
phosphate, the restriction can be bypassed. Create stronger bone 
scaffolds and reduce undesirable acid production [475].  

2) Poly-D,L-Lactic Acid 
Lactic acid is the source of the polymer known as Poly-D,L-lactic 

acid (PDLLA) (Fig. 38), which has an amorphous structure. Natural 
hydrophobicity, practical biocompatibility, and durable mechanical 
properties make it well suited for biomedical applications, particu-
larly in SLA methods. Polymers are among the most frequently uti-
lized to produce porous and biocompatible scaffolds. As a result, it is 

Fig. 38. Chemical structure of various synthetic polymers used as bioink.  

A.A. Elhadad et al.                                                                                                                                                                                                                             



Materials Science & Engineering R 156 (2023) 100760

32

used in resorbable orthopedic rehabilitation devices and tissue en-
gineering [476]. Due to its hydrophobicity, PDLLA prevents water 
from diffusing through its matrix, which slows its breakdown. Hy-
drophilic groups, on the other hand, increase water absorption. 
While this is going on, the presence of hydrophilic groups might 
lower the pH, which will cause the polymer to break down into 
monomers, as well as produce undesirable allergic and inflammatory 
reactions in the body [477].  

3) Acrylonitrile Butadiene Styrene (ABS) 
The triblock copolymer Acrylonitrile Butadiene Styrene (ABS) 

(Fig. 38) has petrochemical origins. The styrene terpolymer chemical 
family, which has adequate strength and toughness, is related to ABS. 
Applications for this material are expanded by its low melting point 
(105 ◦C). ABS is composed of three separate monomers, including 
acrylonitrile, butadiene, and styrene, which together contribute to 
the material’s heat resistance, powerful impact strength, and rigid-
ity. ABS is employed as a precursor in processes such as fused 
deposition modeling (FDM) and selective laser sintering (SLS) 
printing. In cartilage technology, it is also employed. However, the 
material’s biodegradability, identical cell integration, and process-
ability to polylactic acid (PLA) limit its usefulness [475].  

4) Polyethylene Glycol (PEG) 
Radical polymerization is a method employed to create poly-

ethylene glycol (PEG), a hydrophilic polymer (Fig. 38). Its structure 
is either branched or linear, and its tail groups are hydroxyl ions that 
are asymmetric or dissymmetric. Nowadays, PEG is used increasingly 
frequently in drug delivery approaches the creation of scaffolds for 
tissue engineering, and surface changes that result in amphiphilic 
lock copolymers and ionomers [478]. PEG naturally produces 
hydrogels and is resistant to protein adsorption and cell adhesion. 
They lack mechanical strength and are not biodegradable. Their 
inability to degrade is also linked to the presence of a cyclic carbon 
(C-C) polymer backbone. However, hydrolytic and enzymatic 
degradation frequently contribute to the degradability [478].  

5) Poly(glycolic acid) (PGA) 
Poly(glycolic acid) (PGA), a key synthetic polymer used in the 3D 

scaffold design (Fig. 38), is thought to be tissue compatible due to its 
chemical diversity, ease of production, and biological properties. 
Glycolic acid monomer is produced during PGA biodegradation of 
PGA and is easily excreted from the body via certain catabolic 
pathways such as carbon dioxide and water [479]. Additionally, PGA 
copolymers can preserve their mechanical and physical character-
istics. PGA is used to make resorbable sutures and internal fixation 
devices for bones. The decomposition products of PGA are less haz-
ardous than those of PDLLA. When the PGA surface is functionalized 
through hydrolysis of ester linkages, the seeding density and cell 
spread can be enhanced. Although the hydrolysis method has 
important advantages, its surface morphology and mechanical 
strength can limit it. It is sensitive to bulk erosion, which can cause 
the scaffold to collapse and release harmful acidic degradation 
products [479].  

6) Poly Caprolactone (PCL) 
In addition to being a more affordable polymer, polycaprolactone 

(PCL) (Fig. 38), has excellent bioink properties like rigidity, 
biocompatibility, and degradability [480]. PCL is among the 
non-toxic polymers that can withstand significant stability [481]. 
Typically, stability lasts for six months with a biological half-life. 
SLS-printed PCL scaffolds have features such as a porous structure 
that promotes connectivity, a rough surface, and compaction that is 
comparable to bone that promotes bone regeneration and cell 
ingrowth. Although scaffolds for uses other than bone tissue engi-
neering, their extended biological half-life provides a secondary 
barrier. Additionally, due to its hydrophobicity, it has low bioac-
tivity, which slows tissue adhesion and cell proliferation [482].  

7) Polybutylene Terephthalate (PBT) 
Thermoplastic polyester made of polybutylene terephthalate 

(PBT) (Fig. 38), is biocompatible and used in FDM printing tech-
niques [482]. PBT exhibits high elasticity, simple processing, and 
reasonable strength and toughness. PBT is a typical polymer that is 
frequently used in the biomedical field for in-vivo and in-vitro 
biocompatibility [483]. The printing of canine trabecular bone 
scaffolds and tissue regeneration continue to be two uses for it. Or-
thopedic surgery also uses it as a filler. It has physical and chemical 
characteristics similar to PCL or PLA and has no distinguishable 
advantages [484]. Like other polymers, PBTs decompose under 
aqueous conditions via oxidation or hydrolysis. Its limited use is due 
to its high melting point (225 ◦C) and non-biodegradable nature, 
which results in the development of crystalline residues during 
in-vivo application [485].  

8) Polyvinyl alcohol (PVA) 
In the presence of vinyl alcohol and acetate, polyvinyl alcohol 

(PVA) (Fig. 38) is produced synthetically. These monomers are what 
make these polymers biocompatible, biodegradable, bioinert, and 
semicrystalline. A water-soluble polymer called PVA is used in SLS 
printing technology. Similarly to human articular cartilage, PVA has 
tensile strength. PVA can produce complex structures when used 
with the right glue and can also act as an ideal matrix for bone cells 
[486]. While its semicrystalline shape enables effective transport of 
oxygen and nutrients to the cell, its preferred hydrophilicity and 
chemical stability allow it to withstand severe pH and temperature. 
PVA has many uses in load-bearing procedures, including as the 
treatment of craniofacial deformities and bone tissue engineering 
uses [487].  

9) Polylactic glycolic acid (PLGA) 

The polymer known as polylactic glycolic acid (PLGA) (Fig. 38), is 
remarkably cytocompatible and has a dependable biodegradable nature 
[488]. It is osteoconductive and has mechanical characteristics similar 
to those of human calcareous bone. In several tissue restoration systems 
and animal models for bone regeneration, PLGA is also employed. 
However, the hydrophobic property delays its application. In addition, 
linear structures result in weak mechanical rigidity and a fast deterio-
ration rate, restricting their use as a scaffolding material. When com-
bined with PCL, the fracturing of the fractured PLGA debris can be 
reduced. This fracturing is vulnerable to increasing inflammatory re-
sponses in-vivo testing [489]. 

4.7.4. Key processing factors for 3D bioprinting using hydrogel-based 
bioinks 

Bioinks are essential components of bioprinting, consisting of cells 
and biomaterials formed through automated biofabrication methods 
[490]. Cells are crucial for precise placement and organ development, 
while biomaterials ensure stability, activity, and proliferation [379]. 
Recent research focuses on developing high-precision, stable bioinks 
with high cell loading and survival rates [491]. Hydrogels, with their 
high water content, help cells survive and protect them from 
manufacturing stresses [491]. However, developing a hydrogel that 
supports and protects cells while providing a stable structural basis can 
be challenging because of its varying mechanical requirements. Stiff 
hydrogels must strike a balance between structural integrity and cell 
suspension [491]. 

The most important characteristics of bioinks are their rheological 
characteristics, dimensional stability, and biocompatibility, all of which 
are essential to preserve cell viability and proliferation throughout the 
printing process [379]. 

4.7.4.1. Nozzle aperture size, geometry, and applied pressure. Previous 
research indicates that the nozzle aperture size and shape, applied 
pressure, and cell viability of printed cell-laden hydrogels all have a 
significant impact on the printing process’s success. In fact, the pressure 
of the system and the nozzle size that are used affect the percentage of 
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cell death rates, with lower cell viability being seen as the printing 
pressure and the aperture of the nozzle increase [492]. 

4.7.4.2. Printing rate. Given how difficult it is to maintain cell viability 
after prolonged printing, the printing speed has an impact on the way 
well millimeter- or centimeter-scale biostructures are built. From pico-
liter to nanoliter per minute, the printing rate can be electronically 
controlled. It affects both the overall printing time as well as the final 
dimensions of the filament or droplet and is dictated by the robot mo-
tors’ motion capability [493]. 

4.7.4.3. Volumetric flow rate. The volume of printed bioink that passes 
through the nozzle per unit of time, is essential for determining the 
shape of bioprinted filaments or droplets [494]. The size of the droplet 
might be calculated using a straightforward mathematical model that 
takes into account the relationship between the volumetric flow rate and 
the printing speed, as long as the effects of swelling and deformation are 
minimal [494]. The diameter of the droplet is maximized when the flow 
rate is high and the printing speed is low, while the diameter is 
decreased when the flow rate is low and the printing speed is high [495]. 

4.7.4.4. Rheological characteristics of bio-Ink. The printing accuracy and 
cell lifespan of bioinks are influenced by their rheological characteris-
tics. Rheology will be a more crucial variable when hydrogel-based 
bioinks are optimized as bioprinting technology develops. Flow 
behavior, viscosity, shear stress, and viscoelasticity are some of the key 
rheological variables that influence the final features of 3D bioprinted 
tissues and biological structures [496]. 

The fluidity of the bioinks is essential in extrusion bioprinting, as the 
bioinks must be ejected via an injection port and built one on top of the 
other on a substrate. A rheometer can be used to test rheological char-
acteristics, which can be identified by variables such as viscosity, storage 
modulus, and loss modulus. To maintain their shape and stability, bio-
inks need to gel or cross-link immediately after extrusion. Viscosity is a 
crucial characterization criterion for bioinks, since they are typically in a 
non-cross-linked or pre-cross-linked form prior to extrusion. High vis-
cosity is advantageous for maintaining shape and improving mechanical 
stability; however, it might result in obstruction and uneven buildup. 
Uneven cell dispersion and deposition are the result of low viscosity 
[379]. 

Because of the higher extrusion force caused by high viscosity, shear- 
thinning materials with rheological attributes have gained interest in 
bioinks. Non-covalent cross-linked bonds of hydrogel materials break 
down reversibly, causing shear thinning [379]. Non-covalent links sever 
under strong shear forces, reducing the viscosity of the bioink. After the 
shear force, the bonds reunite under the influence of noncovalent forces, 
enhancing the viscosity and preserving the form stability. 

Three phases can be used to examine the rheological characteristics 
of bioinks (see Fig. 39) [497]. The static viscosity at the beginning of the 

initial outflow stage corresponds to the minimum force needed for the 
bioink to flow and the yield stress is that minimum force. Because 
high-yield stresses might harm cells and devices, these can be used to 
assess the suitability of the material for extrusion printing. Viscosity 
decreases with shear rate during the shear thinning stage, allowing 
continued extrusion and improving cell survival. However, instead of 
being a uniform thread, the bioink might become droplets if the viscosity 
falls below a particular threshold. Post-print curing ability is determined 
during the post-print recovery stage by interaction between viscosity 
and time, which has an impact on stability and cell dispersion. Cell 
sedimentation can be caused by slow viscosity recovery [379]. 

4.7.4.5. Flow behavior. The correlation between shear stress (also 
referred to as viscosity) and shear rate affects the flow property of 
hydrogels, that reveal their resistance to shear deformation. This flow 
divides behavior into Newtonian and non-Newtonian types [498]. The 
characterization of bioink flow dynamics is crucial for 3D bioprinting. 
The preferred bioinks have been stated to exhibit shear-thinning 
behavior that allows the bioink to flow readily with no clogging [497] 
while additionally enhancing the printing fidelity and stability of 3D 
bioprinted structures [498]. Hydrogel-based bioinks typically exhibit 
non-Newtonian flow. 

4.7.4.6. Viscosity. Viscosity is a crucial rheological characteristic of 
bioinks, as lower viscosities give the cells a favorable environment but 
impair the printability, whereas higher viscosities may increase the 
stability of the bioprinted construct at the expense of cell viability. 
Additionally, a high viscosity could lead to clogging at the nozzle tip, so 
the amount should be changed depending on the size of the tip of the 
nozzle. The molecular weight, polymer concentration, mass of additives, 
temperature, and pre-crosslinking can all be adjusted for the bioink 
formulations to manage viscosity [499]. 

4.7.4.7. Shear stress. During bioprinting procedures, shear stress is 
determined by the viscosity of the bioinks, which might affect cell sur-
vival and proliferation. This is due to the possibility of cell injury at 
higher shear stress levels [500]. Since they provide optimal printing 
fidelity and the capacity to retain cells viable under in vitro and in-vivo 
conditions, hydrogel-based bioinks with low shear stress rates at mod-
erate pressures are chosen [500]. 

4.7.4.8. Viscoelasticity. To calculate the viscoelasticity, the storage and 
loss coefficient is dynamically monitored as a function of shear stress, 
strain, frequency, or time. The energy that a material may retain or 
recover after each cycle of deformation is indicated by the elastic 
modulus (G’), also known as the storage modulus. The loss modulus, also 
known as the modulus of viscosity (G), on the other hand, expresses the 
energy dissipated through viscous dissipation per cycle of deformation. 
As a result, in 3D bioprinting, G’ and G’ are associated with elastic form 

Fig. 39. Rheological assessment of Bio-ink [497].  
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retention and viscous flow [501]. 
Viscoelasticity is essential for cell-hydrogel interactions, porosity, 

and the degeneration of 3D bioprinted structures. It can be considerably 
altered by the type, concentration, and crosslinking of the hydrogels 
employed. Additionally, it affects cell differentiation and proliferation 
along with the structural integrity of hydrogels [502]. Furthermore, 
bioinks with larger storage moduli exhibit more solid-like behaviour, 
providing structural stability while additionally running the risk of 
breaking and clogging filaments. Nevertheless, although being easier to 
work with, hydrogel-based bioinks with higher loss moduli might pro-
duce less stable 3D structures [502]. 

An additional viscoelastic metric, the damping factor (tan (δ) = G"/ 
G’) or loss tangent, offers important insights into the interaction be-
tween viscous and elastic deformational characteristics. With your help, 
the structural integrity and homogeneity of the bioprinting procedure 
can be predicted both during and after the procedure. The damping 
factor should be between 0.2 and 0.6 for an ideal hydrogel-based bioink 
to produce a balanced relationship between the hydrogel’s structural 
integrity and the bioink’s uniformity during bioprinting. On the other 
hand, when tan(δ) is less than 0.2 or greater than 0.6, we see nozzle 
blockage and poor form retention, respectively [502]. 

4.7.5. Cells 
Dispersed cells, cell spheroids, and tissue strands can all be part of 

bioinks employed in extrusion printing due to a broad spectrum of in-
jection port widths (between 50 µm and 1000 µm[503]). At present, 
scattered cells and biomaterials are widely used in the development of 
complex 3D tissue structures. The poor intercellular connection, which 
triggers cell function, poor anti-inflammatory ability, and low immu-
nological resistance in vivo, limits its usage in clinical medicine and 
other biomedical fields. Therefore, innovative bioink designs that can 
maneuver around these constraints are required [379]. 

During 3D bioprinting, cell aggregation in the form of cell spheroids 
possesses several benefits, since it provides a microenvironment that is 
comparable to that of natural tissue and has properties including anti- 
inflammatory capacity, tissue regeneration, immunological effects, as 
well as elevated survival rates [504]. Cell spheroids, which generally 
consist of spherical aggregates of cells around 200–400 µm in diameter, 
are being used in ongoing investigations to generate bioinks for printing. 
For example, Kelm et al. printed the vascular network of renal tissue 
using cell spheroids made of human umbilical vein endothelial cells 
coated over human aortic fibroblasts as cores [505]. Researchers have 
developed a different approach to 3D bioprinting, which has been 
developed by researchers using tissue strands, which are cylindrical 
newborn tissues. Using an alginate catheter to culture cell aggregates, 
Akkouch et al. were able to produce a full tissue strand using ionic 
decrosslinking [506]. While this was going on, Gabor et al. used 
multicellular cylinders as printing units to make scaffolds for vessels 
with tiny diameters [507]. 

5. 4D bioprinting technology 

While 3D bioprinting has revolutionized biomedical applications, its 
complexity in tissue engineering has led to the development of 4D 
printing, which adds time as a fourth geometric dimension and ad-
dresses its drawbacks as well [508]. In 2013, MIT professor Skylar 
Tibbits developed 4D printing, which enables objects to change their 
physical form, properties, and functions in response to surrounding 
stimuli like water, pH, heat, electric or magnetic fields, or light [509].  
Fig. 40 demonstrates how 4D printing, an innovative form of 3D print-
ing, considers the materials and type of stimuli [508]. Due to its ad-
vantages over traditional additive manufacturing (AM), 4D printing, is 
becoming more and more common in a variety of industries like elec-
tronics, soft robotics, and particularly biomedical applications like tissue 
engineering, drug delivery, and wound repair [510]. 4D printing uses 
the same fabrication processes as 3D printing, such as SLA, DLP, FDM, 

and PolyJet, but with time as a modulating factor for specific con-
structions [511]. EBB, which is sometimes referred to as DIW in the 
literature, is the technology of choice for 4D bioprinting since it has 
several advantages over other AM techniques used in the biomedical 
sector [512]. EBB offers advantages such as suitable printing resolution, 
material selection freedom, minimal raw material requirements, eco-
nomic effectiveness, and viability for composite printing, making it a 
lab-friendly technique [512]. 

4D bioprinting allows biomedical devices to communicate with their 
physiological environment, enhancing sensitivity [513]. Responsiveness 
involves using materials that can change shape in response to external 
stimuli. Common materials include shape-memory polymers (SMPs) and 
shape-changing materials (SCMs). SMPs have a temporary shape and a 
recovery process, while SCMs, such as liquid crystal elastomers (LCEs) or 
hydrogels, gradually change shape and return to their original states 
[514]. 

As shown in Fig. 40, the main characteristic of 4D bioprinting is 
"change" in terms of dimension, shape, or functionality. The items may 
expand or shrink depending on the size change. In the majority of 4D 
bioprinting uses, the printed objects have the potential to change shape 
in response to external stimulus. One such example is the controllable 
evolution of a flat structure into a variety of shapes (such as a self- 
folding, flower-like, cubic box, and other forms). Another sort of 4D 
bioprinting is the modification of functionality, that involves the evo-
lution of living cells, comprising cell fusion, cell assembly, and a variety 
of biological activities [515]. 

5.1. Potential bioinks for 4D bioprinting 

Materials that are stimulus-responsive adjust their conformation in 
response to particular stimuli, such as temperature, pH, humidity, 
electricity, magnetic fields, light, acoustics, or a combination of these 
stimuli [516]. There is great potential for stimuli-responsive materials to 
be used as 4D bioprinting bioinks. Their capacity to be printed and 
biocompatibility are key factors in how well these materials work in 4D 
bioprinting. The safety of the stimulation procedure should also be 
evaluated with regard to the tissues and cells that were created. Here, we 
look at a few different types of stimuli-responsive materials that can be 
used for 4D bioprinting [516].  

a) Thermo-responsive materials 
Materials that are temperature-responsive can modify their phys-

icochemical characteristics in response to temperature changes. The 
materials that respond to temperature have been investigated the 
most are those made of poly(N-isopropylacrylamide, or PNIPAM) 
based polymers [517]. Due to their superior printability, processing 
ease, and glass transition temperature, these thermally sensitive 
solid-state polymers (SMPs) are frequently utilized in 4D printing 
[518]. Only a few of synthetic-based SMPs have the intrinsic char-
acteristics needed to fabricate bio-inks for 4D printing, however most 
exhibit thermally responsive behavior. Biomedical uses are not 
possible with materials that have high glass transition temperatures. 

Fig. 40. Diagrams for 4D bioprinting. A stimulation externally can cause the 
printed bioconstruct to change in size, shape, or functionality. 
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In order to use PNIPAM for TERM applications, scientists have 
developed synthetic materials that are thermo-responsive. Changes 
in wettability and deformation are caused by bioactive materials’ 
contraction or expansion [519]. 

Bakarich et al. designed a smart valve using Alg/PNIPAm ionic 
covalent entanglement gel ink, which automatically closes under hot 
water and opens in cold water, potentially enhancing soft robotics 
and smart sensing applications [520]. These 4D-printed actuation 
hydrogel materials have potential to be used in numerous soft ro-
botics and smart sensing applications. The research conducted by Liu 
et al. on a zinc, metformin, and F127-based thermosensitive hydrogel 
showed how well it could cure burn wounds and traumatic skin 
defects [521].  

b) Magneto-responsive materials 
Research on electric and magnetic fields has shown the potential of 

magneto-sensitive materials like para- and ferro-magnetic nano-
particles (MNPs) in the biomedical sector. These materials offer 
controlled therapeutic action and minimal invasiveness, such as in 
the development of magneto-responsive DDS for treating soft tissues. 
Magnetized bio-inks also help control NP direction during bio-
printing [522]. By incorporating Fe-based NPs into poly(dime-
thylsiloxane), Zhu et al. produced magneto-responsive driven 
4D-printed bioproducts. Furthermore, the magnetized bio-inks can 
aid in regulating the direction of NPs throughout the bioprinting 
process, resulting in scaffolds with anisotropic characteristics [523]. 
Further examples of magneto-sensitive polymeric materials pro-
duced for TE uses include scaffolds made of Fe3O4/PCL/mesoporous 
bioactive glass (MBG) [524], scaffolds made of iron-doped hy-
droxyapatite (HAP)/PCL [525], and magneto-nanocomposite scaf-
folds made of Fe3O4/polyethylene glycol diacrylate (PEGDA) and 
Fe3O4/PCL [526]. By means of demonstration, Kuhnt et al. investi-
gated the use of anisotropic Fe3O4 magnetic NPs with PEGDA 
hydrogel using a DLP-based 3D printing technique. When these 
magnetic NPs were added to polymeric nanocomposites, they dis-
played exceptional viability more than 95% of human dermal fi-
broblasts and outstanding biocompatibility when directly planted on 
top of human mesenchymal stem cells (MSCs) [527]. Later, unpaired 
movements are made possible by aligning magnetic NPs with the 
appropriate scaffold orientations. Due to this, these magnetic NPs are 
particularly well suited for TE in a variety of biomedical uses.  

c) Electro-responsive materials 
Electro-responsive materials, including polymers, are bioactive 

materials that can be stimulated by electric fields to adjust their 
behavior. These materials can also contain additives like carbon 
nanotubes and graphene [528]. They are being explored for muscle 
and neural tissue engineering applications, with conductive 
polymer-based hydrogels being a potential choice. In this regard, 
Okuzaki et al. constructed an origami robot using 4D printing and an 
organic polymer with electro-sensitive polypyrrole [529]. These 
bioactive materials are currently being researched in order to pro-
duce constructions for brain and muscular TE applications [530]. 
Additionally, conductive polymer-based hydrogels have great 
printing capabilities and are biocompatible, making them a potential 
choice for biomaterials to be printed in 4D.  

d) Photo-responsive materials 
A light stimulation can be used to change the size or shape of the 

structures using photo-responsive materials, involving volume 
changes, contraction, and bending. These substances include 
photosensitive nanomaterials, nitrobenzene, azobenzene, fulgide, or 
polymers containing stilbene [531]. Chromophores are incorporated 
into polymer resins to produce photo-responsive polymeric products. 
The development of these materials is also possible by incorporating 
photosensitive nanoparticles into polymers [532]. Depending on the 
type of chromophore, the response could be either irreversible or 
reversible [533]. Thoughtful investigation for TE applications is 

necessary for 4D bioprinting of polymeric materials that contract, 
expand, or self-assemble following photo-triggering.  

e) Moisture-responsive materials 
Moisture-responsive materials can expand, fold, twist, or deform 

in humid situations. Examples include microcrystalline cellulose 
(MCC) and silk fibroin [534]. Applications in soft robotics and 
actuation are aided by these characteristics. Microcrystalline cellu-
lose was utilized by Zhang et al. to build materials that are sensitive 
to moisture [535], while Kim et al. employed 3D printing with 
UV-assisted direct-ink writing to make smart structures that might 
change shape when exposed to moisture [536]. Humidity is a driving 
force in the actuation of other polymeric materials as cellulose, silk 
fibroin, PU, and PEGDA. Cui et al. created tendril-inspired hydrogel 
artificial muscles that demonstrated shape memory behavior and a 
high actuation rate in response to certain stimuli [537].  

f) pH-responsive materials 
pH-responsive biomaterials are biologically active materials with 

different chemical groups that respond to environmental pH changes 
by releasing or gaining protons, causing them to collapse or swell 
[538,539]. Materials that are pH-responsive alter chemically and/or 
structurally in response to pH variations in their environment [540]. 
When the pH changes, these materials’ chemical groups, such as 
carboxyl, pyridine, sulfonic, phosphate, and tertiary amines, release 
or receive protons. These materials are divided into basic and acidic 
polymers, and are used in biomedical applications like gene delivery 
systems, and glucose sensors. The sensitivity of these materials can 
also be utilized in tissue engineering applications due to the differ-
ences in pH levels. In reaction to variations in the pH of the envi-
ronment, biomolecules stored in these materials can be released in a 
targeted manner. The 3D bioprinting process frequently employs 
alginate [541,542]. As a result, materials based on alginate that are 
pH sensitive may be employed in 4D bioinks.  

g) Biological-responsive materials 

Biological-responsive materials use bio-enzymes, glucose, and bio-
molecules to cleave peptide sequences and biomolecules, causing poly-
mers to swell. This shape-morphing effect can be applied in tissue 
engineering applications [543]. As an example, Devillard et al. devel-
oped bioinspired hydrogels that were activated by the bio-enzymes 
thrombin and alkaline phosphatase [544]. This caused the 4D-printed 
object to develop fibrin deposition and calcification. 

5.2. Applications of 4D bioprinting 

4D bioprinting offers significant potential for various biomedical 
applications, including tissue engineering, biosensors, bioactuators, and 
biorobotics, by fabricating smart, multifunctional materials that 
enhance current materials’ functionality.  

a) Tissue Engineering 
Four-dimensional bioprinting is crucial for fabricating hierar-

chically complex and dynamic tissues, such as shape-memory and 
cell-laden scaffolds [545]. These constructs can adapt to conforma-
tional changes, accelerating their regenerative potential [546]. In 
situ unfolding of 4D bioprinted scaffolds can be used for cell delivery 
in narrow spaces, such as subretinal spaces. Bioelectronic and 
biodegradable devices can control delivery procedures wirelessly. 
These smart constructs enable effective communication with the 
body’s natural environment and use natural forces or stimuli for 
desired changes [547].  

b) Biosensors 
Four-dimensional bioprinting can open up fresh possibilities for 

the creation of biosensors that track the activity and functioning of 
cells. Biosensors have already been developed via three-dimensional 
printing technology. In order to create molecularly imprinted 
polymer-based microcantilever-based biosensors, Gomez et al. 
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employed a two-photon stereolithography technique [548]. Similar 
to Credi et al., cantilevers containing magnetic nanocomposites were 
developed using the stereolithography technology [549]. Cell ac-
tivity and function can be investigated using these cantilevers. For 
instance, Cui et al. bioprinted mouse myoblasts (C2C12 cell line) for 
use in biosensing on extremely small cantilevers [550]. When 
exposed to an exogenous chemical toxins (veratridine), the myotubes 
on the cantilevers changed their rate of contraction and responded 
synchronously to electrical stimulation.  

c) Bioactuators and Biorobotics 

4D printed actuators and robots have been developed, including 
mechanically strong alginate/PNIPAM hydrogels, airway stents, and 
stimuli-responsive structures. Cross-linkable liquid crystal polymers 
were used to print elastomers that change shape in response to thermal 
stimuli [551]. Laser writing methods were used to create self-folding 
constructs, which can curve, fold, or roll up as exposed to external 
stimuli [552]. 

6. Conclusion and future scope 

This bibliographic overview emphasizes how 3D printing has the 
ability to accomplish tasks that are impossible to carry out using con-
ventional manufacturing techniques. The freedom to create and 
customize items as well as the on-demand fabrication of intricate com-
ponents, offers significant benefits to the end user. Greater environ-
mentally friendly operations are also aided by decreased material waste 
and the need for transporting and storing manufactured products. In this 
context, the wide range of distinct techniques with such diverse printing 
characteristics allows a good adaptation to highly different sectors, ap-
plications, and materials. With the application of numerical modeling, 
machine learning, and artificial intelligence to 3D-fabricated compo-
nents, future applications are entering a new era. Nevertheless, each of 
them has positive and negative aspects depending on the intended use or 
the material that needs to be printed. Therefore, in the deliberation 
preceding the selection of a specific 3D printing technique, it becomes 
imperative to contemplate several essential aspects: which materi-
als—metals, ceramics, or polymers—shall be employed for the printing 
process? Is the envisaged component to be manufactured from a singular 
material or shall it necessitate a multi-material approach? What are the 
key characteristics of the chosen material for the printing process? 
Answering these questions could lead the user to select the most 
adequate technique to be utilized. In the biomedical field, it is quite 
frequent to need to create a multi-material or multifunctional device, 
either because it is necessary to use various materials with distinct 
properties or because it is necessary to apply the same material with 
various concentrations of its components in order to create concentra-
tion gradients. In this sense, although they present excellent resolutions, 
techniques such as VAT polymerization or laser sintering would not be 
adequate. Printing multiple inks in one printing step is limited to ma-
terial jetting and material extrusion. However, material jetting presents 
an important constraint related to the narrow range of printable vis-
cosities allowed, what makes this technique more appropriate for 
printing small molecules or precursors, or low-concentration nano-
particle suspensions. Among the material extrusion technologies, DIW 
stands out for the possibility it offers to print fluid materials with a broad 
spectrum of viscosities. Selecting the most appropriate printing strategy 
and nozzle diameter, it can span from relatively low viscosities (for 
example, Lewis et al. [553] printed a soft polydimethylsiloxane-based 
ink reducing the nozzle diameter to 30 µm) to very high viscous pastes 
(for example, Biasetto et al. printed a Ti6Al4V ink containing a 72% of 
metallic particles increasing the nozzle diameter to 810 µm) [554]. 

The rise in the global population and longer life expectancies is 
resulting in a significant uptick in musculoskeletal disorders affecting 
people of all ages, with varying degrees of disability ranging from short- 
term to chronic conditions. Among the various musculoskeletal 

disorders affecting bones and joints, notable examples include osteo-
porosis, osteochondral defects (OCD), osteoarthritis, rheumatoid 
arthritis, and injuries resulting from accidents. Regardless of the un-
derlying cause of these disorders, the demand for implants to replace 
damaged bone and/or joint structures has emerged as a pressing public 
health concern in today’s society. Diseases affecting both bone and 
cartilage, such as OCD, necessitate the development of treatments that 
involve the replacement of both tissue types. While treatments based on 
autograft or allograft transplantations, as well as bioengineered tissues, 
have already been implemented, they primarily address the issue of 
articular cartilage. Consequently, there has been a recent focus on 
exploring biphasic implants as a solution for simultaneously substituting 
both bone and cartilage tissues in a single surgical procedure. Typically, 
these implants comprise a rigid section designed to replace bone and a 
soft outer layer that mimics cartilage tissue. The advantages DIW tech-
nology offer of printing multi-materials in just one printing step and the 
wide range of printable inks points this technique as the ideal option to 
fabricate biphasic implants, since a metal-based ink could be printed to 
fabricate the bone replacements and a polymer-based ink could be used 
as the cartilage tissue substitute. In the scenario of osteochondral de-
fects, we will introduce new developments and trends, when proposing a 
biphasic implant design (“tailored-made materials”) with a better and 
balanced tribo-mechanical and biofunctional behaviour. 

Some of these approaches are related to the replace of subchondral 
bone defect via printing β titanium alloys and Alumina/Zirconia-based 
ceramic composites, with controlled porosity (content, size, 
morphology, and distribution), or the surface modification treatments of 
the implant area that will be in contact with the host bone tissue, to 
implement better antibacterial behaviour and/or promote osseointe-
gration. In this sense, among the most promising treatments are the 
following:  

a) Bioactive glass coatings (BGs) serve as intriguing scaffold materials 
for bone regeneration owing to their realized superior osteo-
conductivity, controlled biodegradability, capacity to activate oste-
ogenic gene expression, and angiogenic potential for promoting bone 
mineral via the release of various charged particles which influence 
gene expression in osteogenic procedures and vascularization rates 
that merely lead to the afterwards the encouragement of bone for-
mation [247,555,556].  

b) Sol-gel deposition of hydroxyapatite coatings can be used to prevent 
the release of metal ions and to implement more resistance to 
corrosion as well as increment of bioactivity [136,141,225,557,558].  

c) Manipulation of roughness and texture of the implant surface using 
Femtosecond laser [559]. Laser texturing is a potential method that 
has numerous advantages than other conventional procedures since 
it is clean, fast, contactless, and, most importantly, it can be used 
outside and has remarkable precision [560]. The micro machining by 
femtosecond laser allows for a wide variety of surface structures, 
ranging from the nanometric to the micron-scale, so it is necessary to 
precisely select the appropriate processing parameters [561]. In this 
context, it’s crucial to keep in mind the Directed Irradiation Syn-
thesis (DIS) [561,562]. DIS is a novel method that allows for not only 
the control and adjustment of both surface topography (nanoscale), 
but also the chemistry of the surface by controlling the parameters of 
the ion beam, providing biomaterials with advanced and multi-
functional bio-interfaces in order to provide new biological functions 
[563].  

d) Porous β titanium alloys reinforced by carbon nanotubes, could be an 
alternative when using 5% and 10% w/w, to obtain nanocomposite 
entities that display lower stiffness, higher mechanical strength and 
implemented bioactivity [564]. 

e) A significant alternative to address concerns about antibiotic resis-
tance is the deposition of silver nanoparticles, which can stop bac-
terial growth caused by the release of Ag+ [565]. 
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f) Sulfonated Polyetheretherketone Coatings are an effective anti-
biofouling synthetic material that serves as an alternative to con-
ventional antibacterial treatments since it provides a straightforward 
chemical surface modification for preventing MRSA adherence and 
growth [566].  

g) Materials with encapsulated Rose Bengal Microspheres is an example 
of an approximation based on chemical entities extracted from na-
ture with anti-inflammatory pharmacological properties to tackle 
inflammation produced in these types of surgeries [567]. 

h) In order to give cutting-edge treatment choices for a variety of dis-
eases, especially those related with bone tissue, like osteosarcomas, 
bone cavities, or trauma, customized healthcare and the use of 
minimally invasive surgery call for new biomedical devices. The 
therapeutic advantages of local hyperthermia in these pathologies 
are right now being studied in a number of biological and clinical 
investigations, as moderate controlled hyperthermia (42 ◦C) pre-
vents bacterial infections, encourages vascularization of bone tissue, 
and encourages the development of new bone and osseointegration, 
whereas intense controlled hyperthermia (>42 ◦C) leads to apoptosis 
in cancer cells and enables novel approaches for the treatment of 
osteosarcoma [568,569]. This technique has the potential to be 
effective since graphene oxide has exceptional photothermal prop-
erties, particularly when subjected to near-infrared laser light [570]. 
The ability to control localized hyperthermia and modify the bio-
logical response of the bone tissue would be made possible by remote 
heating of the implants [570].  

i) Antibacterial materials with customized poly(acrylic acid) based 
hydrogels could be used as coatings with the appropriate cross-
linking grade to implement antibacterial properties and enhance-
ment of osseointegration rates [571].  

j) The stimulation, proliferation and differentiation of bone cells, 
especially osteoblasts, through the use of electromagnetic fields, 
whether static or pulsed, has been a growing source of interest for 
researchers. The most studied method is the static magnetic field, 
which uses low-intensity fields to activate biological processes and 
promote the formation of various tissues, including bone tissue. 
Studies show that the use of this technique has the potential to help 
regenerate bone [572,573], increase bone density, decrease pain and 
improve mobility. Pulsed magnetic fields also present themselves as 
a promising route for applications in bone regeneration. In addition, 
some studies combine the use of materials with magnetic properties 
and the application of magnetic fields to obtain better results. 
Research carried out by Yun et. al., combine a static magnetic field 
with a magnetic nanocomposite scaffold made from poly-
caprolactone/magnetic nanoparticles to evaluate their osteoblastic 
functions and bone formation, their results indicate that this can be a 
promising technique for bone regenerative engineering [574]. In this 
context, a particle of a soft ferromagnetic material with an elongated 
geometry (rod, thread, tube) tends to orient its magnetization along 
the geometric axis of symmetry. For high magnetization saturation 
values, a strong field is generated at the tips of these elongated ge-
ometries, facilitating preferential growth of new bone tissue in the 
direction of the axis of symmetry of the particles. 

k) Integrating micro- and nanoscale- modifications and functionaliza-
tion with protein, peptides, and bioactive agents improved the 
wettability and biological activity of titanium implant surfaces. This 
morphological and chemical modifications of titanium surfaces lead 
to the migration and differentiation of osteogenic cells, which is 
followed by an improvement in the production of the mineral matrix, 
which quickens the osseointegration activity. Additionally, a 
possible method to prevent early and late implant failures brought on 
by the formation of biofilm is the inclusion of bioactive compounds 
into nanostructured surfaces [575]. The hLf1-11 peptide, a potent 
AMP derived from the human protein lactoferrin, that we showed 
drastically reduced the adhesion of diverse bacterial strains to the 
titanium surface [576–578]. With the goal of increasing TiO2 

implant sensitization and promote quicker and more effective 
osseointegration, which in some cases has been explored using mo-
lecular docking and dynamics simulations, the incorporation of 
various peptides is a time- and money-saving type of method. 
Additionally, the bio-functionalization of the surface, which pro-
motes cell adhesion and mineralization of newly produced tissue by 
using certain proteins (bovine serum albumin) and BMPs [579]. 

On the other hand, to replace damaged cartilage (chondral tissue) 
is tricky since it possesses a low ability for endogenous repair and 
unfortunately there are no efficient treatments to repair this specific 
tissue that degrade when increasing age population that suffers from 
osteoarthritis. Cartilage tissue engineering aims to develop efficient 
treatments to provide a 3D environment to provide a space for cor-
rect cell proliferation. in the joint area the materials needed could be 
approached using different chemical entities such as the use of chi-
tosan, alginate, collagen, silk, gelatin or hyaluronan. They promote 
the development of cartilage at the same time as promote biocom-
patibility, better biodegradability, convenient mechanics, and 
cellular adhesion. For the non-natural materials, examples that could 
be used are polymers are Polyglycolic Acid (PGA) or Polyethylene 
glycol (PEG) that display ad hoc biodegradability via a chemical 
tailormade design [19]. Among the most significant approaches are 
the following:  
a. In Bioactive Gelatin-Alginate-Bioactive Glass Composite Coatings, 

the biomaterial shown a greater elastic recovery when utilizing 
50% alginate and 50% gelatin, providing evidence that this 
method might imitate soft tissue activities in the joint regions 
[234].  

b. Porous silver nanoparticle/polycaprolactone/polyvinyl alcohol 
coatings exhibit antibacterial properties along as porous networks 
to allow convenient vascularization. In this case silver cation and 
AgNPs released from the composite to show a perfect antimicro-
bial behaviour against P. aeruginosa and S. aureus. For this study, 
50/50 and 80/20 PCL/PVA composites containing 0.4% AgNPs 
have been used to offer a short-term or longer-term antimicrobial 
release model. Interestingly, 50/50 PCL/PVA polymer composite 
was able of creating larger pores while the 80/20 material with 
pores of approximately 14 µm enhances fibroblast growth factor. 
If needed this biomaterial is capable of release Ag cation after 21 
days [580].  

c. The approach concerning hydrogels materials created using 
Interpenetrating polymer network hydrogels has been also effi-
cient to generate bioactive scaffolds for tissue engineering and 
needs to be explored further. This is based on the search for 
convenient 3D microenvironments that mimic the real tissue 
concerning not only architectural and physical properties such as 
mechanical integrity to withstand physiological forces, but also 
key characteristics such as adhesion or degradability. The great 
advantage of this chemical entities is since the properties can be 
easily adjusted via a convenient organic chemistry synthesis. 
Simple reactions are often used in this kind of transformation such 
as click reactions that exhibits excellent chemical yields and no 
further purification is required [581].  

d. Other materials are based on the combination of various types of 
natural or non-natural chemical entities with gradient composi-
tion such as chitosan, hydroxypropyl methyl cellulose, PCL, PVA, 
hyaluronic acid, collagen, depending on the native osteochondral 
tissue, also taking into account that crosslinking grade could be an 
exceptional tool to control mechanical properties associated to 
cartilage [582–585]. 
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B. Ferrari, Addit. Manuf. 33 (2020), 101142. 
[107] L. Xie, H. Guo, Y. Song, C. Liu, Z. Wang, L. Hua, L. Wang, L.-C. Zhang, Mater. 

Charact. 161 (2020), 110137. 
[108] N. Pirch, S. Linnenbrink, A. Gasser, H. Schleifenbaum, Int. J. Heat. Mass Transf. 

143 (2019), 118464. 
[109] P. Li, Y. Gong, Y. Xu, Y. Qi, Y. Sun, H. Zhang, Arch. Civ. Mech. Eng. 19 (2019) 

820–831. 
[110] J. Dilag, T. Chen, S. Li, S.A. Bateman, Addit. Manuf. 27 (2019) 167–174. 
[111] Y. He, F. Zhang, E. Saleh, J. Vaithilingam, N. Aboulkhair, B. Begines, C.J. Tuck, R. 

J. Hague, I.A. Ashcroft, R.D. Wildman, Addit. Manuf. 16 (2017) 153–161. 
[112] J.-Y. Lee, J. An, C.K. Chua, Appl. Mater. Today 7 (2017) 120–133. 
[113] W. Zhang, M. Tong, N.M. Harrison, Data Brief. 27 (2019), 104559. 
[114] L.E. Murr, J. Mater. Res. Technol. 9 (2020) 1087–1103. 
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[138] A. el Hadad, B. Barranco, A. Jiménez-Morales, E. Peón, J.C. Galván Sierra, (2010). 
[139] A.A. El Hadad, D. Carbonell, V. Barranco, A. Jiménez-Morales, B. Casal, J. 
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[287] R.D. Farahani, M. Dubé, D. Therriault, Adv. Mater. 28 (2016) 5794–5821. 
[288] C.L. Ventola, Pharm. Ther. 39 (2014) 704. 
[289] J.T. Muth, D.M. Vogt, R.L. Truby, Y. Mengüç, D.B. Kolesky, R.J. Wood, J.A. Lewis, 

Adv. Mater. 26 (2014) 6307–6312. 
[290] H. Ota, S. Emaminejad, Y. Gao, A. Zhao, E. Wu, S. Challa, K. Chen, H.M. Fahad, A. 

K. Jha, D. Kiriya, Adv. Mater. Technol. 1 (2016) 1600013. 
[291] C. Sun, Y. Wang, M.D. McMurtrey, N.D. Jerred, F. Liou, J. Li, Appl. Energy 282 

(2021), 116041. 
[292] J.C. Ruiz-Morales, A. Tarancón, J. Canales-Vázquez, J. Méndez-Ramos, 

L. Hernández-Afonso, P. Acosta-Mora, J.R. Marín Rueda, R. Fernández-González, 
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A. Blencowe, H. Fischer, V.P. Shastri, Adv. Healthc. Mater. 6 (2017) 1700255. 
[469] J.-P. Jiang, X.-Y. Liu, F. Zhao, X. Zhu, X.-Y. Li, X.-G. Niu, Z.-T. Yao, C. Dai, H.- 

Y. Xu, K. Ma, X.-Y. Chen, S. Zhang, Neural Regen. Res. 15 (2020) 959–968. 
[470] A. Skardal, J. Zhang, G.D. Prestwich, Biomaterials 31 (2010) 6173–6181. 
[471] Y. Wang, R.K. Kankala, K. Zhu, S.B. Wang, Y.S. Zhang, A.Z. Chen, ACS Biomater. 

Sci. Eng. 5 (2019) 5514–5524. 
[472] T. Kojima, K. Higashi, T. Suzuki, K. Tomono, K. Moribe, K. Yamamoto, Pharm. 

Res. 29 (2012) 2777–2791. 

A.A. Elhadad et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref360
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref360
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref360
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref361
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref361
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref362
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref362
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref363
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref363
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref364
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref364
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref364
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref365
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref366
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref366
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref367
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref368
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref369
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref370
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref371
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref372
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref372
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref372
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref373
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref374
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref374
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref375
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref375
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref375
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref376
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref377
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref377
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref377
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref378
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref378
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref379
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref380
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref380
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref381
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref382
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref382
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref383
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref383
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref383
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref384
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref384
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref385
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref386
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref387
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref387
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref388
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref389
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref389
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref390
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref390
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref391
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref391
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref392
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref393
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref394
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref395
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref395
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref396
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref396
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref397
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref398
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref398
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref399
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref399
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref400
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref401
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref402
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref402
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref403
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref404
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref405
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref405
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref406
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref406
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref407
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref407
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref408
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref409
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref409
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref410
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref411
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref411
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref412
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref412
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref413
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref414
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref415
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref416
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref417
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref417
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref418
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref418
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref419
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref420
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref421
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref422
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref422
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref423
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref424
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref424
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref425
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref425
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref426
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref427
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref428
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref428
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref429
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref430
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref431
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref431
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref431
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref432
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref433
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref433
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref434
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref435
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref435
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref436
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref436
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref437
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref437
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref438
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref438
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref439
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref439
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref440
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref440
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref441
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref441
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref442
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref442
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref442
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref443
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref443
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref443
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref444
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref444
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref445
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref445
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref446
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref446
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref447
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref448
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref448
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref448
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref449
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref449
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref450
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref450
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref451
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref451
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref451
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref452
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref452
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref453
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref453
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref454
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref455
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref455
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref456
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref456
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref457
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref458
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref458
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref459
http://refhub.elsevier.com/S0927-796X(23)00046-3/sbref459


Materials Science & Engineering R 156 (2023) 100760

43

[473] H. Zhang, X. Mao, Z. Du, W. Jiang, X. Han, D. Zhao, D. Han, Q. Li, Sci. Technol. 
Adv. Mater. 17 (2016) 136–148. 

[474] D. Garlotta, J. Polym. Environ. 9 (2001) 63–84. 
[475] M. Guvendiren, J. Molde, R.M. Soares, J. Kohn, ACS Biomater. Sci. Eng. 2 (2016) 

1679–1693. 
[476] F.P. Melchels, J. Feijen, D.W. Grijpma, Biomaterials 30 (2009) 3801–3809. 
[477] H.-J. Sung, C. Meredith, C. Johnson, Z.S. Galis, Biomaterials 25 (2004) 

5735–5742. 
[478] J. Zhu, Biomaterials 31 (2010) 4639–4656. 
[479] X. Liu, P.X. Ma, Ann. Biomed. Eng. 32 (2004) 477–486. 
[480] C. Murphy, K. Kolan, W. Li, J. Semon, D. Day, M. Leu, Int J. Bioprint 3 (2017) 

005. 
[481] Q. Pan, C. Gao, Y. Wang, Y. Wang, C. Mao, Q. Wang, S.N. Economidou, 

D. Douroumis, F. Wen, L.P. Tan, H. Li, Bio-Des. Manuf. 3 (2020) 396–409. 
[482] M. Guvendiren, J. Molde, R.M.D. Soares, J. Kohn, ACS Biomater. Sci. Eng. 2 

(2016) 1679–1693. 
[483] B.C. Tellis, J.A. Szivek, C.L. Bliss, D.S. Margolis, R.K. Vaidyanathan, P. Calvert, 

Mater. Sci. Eng.: C. 28 (2008) 171–178. 
[484] J.M. Bezemer, D.W. Grijpma, P.J. Dijkstra, C.A. van Blitterswijk, J. Feijen, 

J. Control. Release 62 (1999) 393–405. 
[485] A.A. Deschamps, A.A. van Apeldoorn, H. Hayen, J.D. de Bruijn, U. Karst, D. 

W. Grijpma, J. Feijen, Biomaterials 25 (2004) 247–258. 
[486] C.K. Chua, K.F. Leong, K.H. Tan, F.E. Wiria, C.M. Cheah, J. Mater. Sci.: Mater. 

Med. 15 (2004) 1113–1121. 
[487] M. Oka, T. Noguchi, P. Kumar, K. Ikeuchi, T. Yamamuro, S.H. Hyon, Y. Ikada, 

Clin. Mater. 6 (1990) 361–381. 
[488] Z.G. Tang, J.T. Callaghan, J.A. Hunt, Biomaterials 26 (2005) 6618–6624. 
[489] Z. Ge, X. Tian, B.C. Heng, V. Fan, J.F. Yeo, T. Cao, Biomed. Mater. 4 (2009), 

021001. 
[490] J. Groll, T. Boland, T. Blunk, J.A. Burdick, D.-W. Cho, P.D. Dalton, B. Derby, 

G. Forgacs, Q. Li, V.A. Mironov, Biofabrication 8 (2016), 013001. 
[491] A.K. Miri, D. Nieto, L. Iglesias, H. Goodarzi Hosseinabadi, S. Maharjan, G.U. Ruiz- 

Esparza, P. Khoshakhlagh, A. Manbachi, M.R. Dokmeci, S. Chen, Adv. Mater. 30 
(2018) 1800242. 

[492] A. El Magri, K. El Mabrouk, S. Vaudreuil, M. Ebn Touhami, J. Appl. Polym. Sci. 
138 (2021), 49625. 

[493] K. Nair, M. Gandhi, S. Khalil, K.C. Yan, M. Marcolongo, K. Barbee, W. Sun, 
Biotechnol. J. 4 (2009) 1168–1177. 

[494] M. Sarker, X.B. Chen, J. Manuf. Sci. Eng. 139 (2017). 
[495] X.B. Chen, M.G. Li, H. Ke, J. Manuf. Sci. Eng. 130 (2008). 
[496] A. Ribeiro, M.M. Blokzijl, R. Levato, C.W. Visser, M. Castilho, W.E. Hennink, 

T. Vermonden, J. Malda, Biofabrication 10 (2018), 014102. 
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