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Abstract: Additive manufacturing (AM) is among the most attractive methods to produce implants, the processes are very swift 
and it can be precisely controlled to meet patient’s requirement since they can be produced in exact shape, dimension, and even 
texture of different living tissues. Until now, lots of methods have emerged and used in this field with diverse characteristics. This 
review aims to comprehensively discuss 3D printing (3DP) technologies to manufacture metallic implants, especially on techniques 
and procedures. Various technologies based on their main properties are categorized, the effecting parameters are introduced, and 
the history of AM technology is briefly analyzed. Subsequently, the utilization of these AM-manufactured components in medicine 
along with their effectual variables is discussed, and special attention is paid on to the production of porous scaffolds, taking 
pore size, density, etc., into consideration. Finally, 3DP of the popular metallic systems in medical applications such as titanium, 
Ti6Al4V, cobalt-chromium alloys, and shape memory alloys are studied. In general, AM manufactured implants need to comply 
with important requirements such as biocompatibility, suitable mechanical properties (strength and elastic modulus), surface 
conditions, custom-built designs, fast production, etc. This review aims to introduce the AM technologies in implant applications 
and find new ways to design more sophisticated methods and compatible implants that mimic the desired tissue functions.
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1. Introduction
As the world’s elderly population grows, the need for 
medical implants is rapidly growing. It is expected that 
the number of people aged 65 or above will increase to 
about 20% of the world population by 2050[1]. These 
elderly patients and other patients with bone fracture and 
failures need special cares, specifically those associated 

with rapid healing time, fast preparation of implants, 
and custom-built implants that are tailored to patients’ 
fracture conditions. Furthermore, avoiding possible 
subsidiary issues arise from low-quality designs, stress-
shielding effects, and infections. The traditionally 
manufactured implants have a lot of limitations, such as 
a time-consuming production process, low capability in 
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producing complex shapes, and difficulty to manufacture 
the custom-built designs. Hence, advance procedures are 
highly required to meet various demands from patients 
and healthcare market. 

Three-dimensional printing (3DP) is an evolutionary 
technology and a branch of additive manufacturing 
(AM) methods that cover a range of applications in 
modern industries, including manufacturing of computer 
components, electricity, machinery, and digital control 
devices[2]. According to the AM principles and the use of 
special 3D bioprinters, human organs can be artificially 
produced[3] in the future, and the realization of this goal 
will be accompanied by a revolution in the healthcare 
system. These 3DP techniques have great potentials 
in producing porous and complex-shaped materials 
and components with very intricate internal structures. 
Therefore, 3DP technology enables fabrication of 
hierarchical materials with porous structure and 
mechanical properties (strength and elastic Young’s 
modulus) very similar to natural bone and inhibits 
stress-shield effect in bone implants[4-6]. Moreover, 3DP 
technologies have some other advantages, including 
the ability in mass production, economic efficiency, 
low cost, repeatability, and shorter time to market[2]. 
In addition, 3D technology together with computer-
aided design (CAD) technique[7] can be used in the 
production of completely patient-specific implants[8,9]. 
3DP method developed rapidly and a variety of new 
techniques with many advantages were devised to cure 
the previous limitations. The first description about 3DP 
dates back to 1981 when Dr. Hideo Kodama fabricated 
a device that uses ultraviolet (UV) lights to harden 
polymers and create solid objects[10]. Although it was not 
commercialized, it was the first step to the conception 
of stereolithography (SLA) technique in 1983. Later, 
Charles Hull invented the first SLA machine[11]. In 1987, 
a selective laser sintering (SLS) process was patented, 
and the first commercial rapid prototyping printer 
entitled SLA-1 was sold 1 year later. Subsequently, 
fused deposition modeling (FDM) and laser AM (LAM) 
were introduced. Following the introduction of newly 
developed 3D printing techniques, Israeli scientists 
made a successful achievement in the fabrication of 
an entire heart with human cells in 2019[12], Figure 1 
schematically represents the 3DP history. 

The 3DP process is performed sequentially based on 
the following steps: First, using the digital design software 
(SolidWorks, AutoCAD, Autodesk, etc.), 3D digital 
scanners, or other applications, the digital virtual version of 
the desired object is generated. Then, the 3D digital model 
is transformed into SLA or standard tessellation language 
(.STL) file format. The .STL file involves numerous 
triangulated facets that demonstrate the exact spatial 
coordinates (xyz) information of 3D model surfaces. A large 

Figure 1. Timeline of 3D printing technologies.

number of triangles means more data points and higher 
resolutions. Third, by utilizing particular slicer software in 
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the 3D printer machine, the .STL file is converted into G 
file through slicing the designed model into 2D horizontal 
cross-section arrays in a size range of 25 – 100 μm. 
Then, the first layer of the 3D object is formed by the x-y 
movement of the printer head. Finally, the rest of the object 
was created through the incessant movement of the printer 
head in the z-direction; hence, the desired morphology 
can be deposited layer by layer on the first basal sheet as 
a substrate[13]. However, this printing procedure is highly 
dependent on the 3DP machine. The general production 
procedure is represented schematically in Figure 2.

3DP can utilize various types of materials such as ABS 
plastic, PLA, polyamide (nylon), glass filled polyamide, 
SLA materials (epoxy resins), silver, titanium, steel, wax, 
photopolymers and polycarbonate, cells, hydrogels, etc. 
Among these materials, metallic materials are of great 
importance in the biomedical field. The metallic materials 
used in AM technology must adhere to two crucial 
requirements: First, they must have good weldability to 
prevent crack formation during solidification; second, the 
raw metallic material should be prepared in the form of 
spherical powder with a size of tens micrometers range to 
satisfy the acceptable packing density and homogeneity 
requirements of the AM manufactured part. About 50 
metallic alloys can be used in AM manufacturing, and they 
are mostly Ti-, Ni-, Al-, and Cu-based alloys, tool steels, 
stainless steels, Co-Cr alloys, and some precious and 
refractory metals[14]. More than 80% of all used implants 
in medicine are metallic ones and they are categorized into 
two different groups: Bio-degradable and non-degradable 
metallic implants[1]. Biodegradable metals include iron, 
magnesium, zinc, and calcium. Considering the excellent 
advantages of 3DP, this technology will have a great 
impact and an increase of its applications, especially in 
the biomedical field, is expected in near future. Therefore, 
a comprehensive understanding of the recent methods and 
techniques opens up a new horizon for optimum design 
and fabrication of more advanced materials for implant 

applications. This thematic review provides some insights 
into the realization of this purpose. 

2. 3DP process techniques
ASTM Committees grouped different types of AM into 
seven main categories based depending on the material 
addition method and working procedure (Figure 3). In 
fact, each of these seven main methods has its pros and 
cons according to the main objective of fabricating a 3D 
printed specimen. A right method is essential and it is 
generally selected according to the following parameters: 
Material type (plastic, metal alloys, ceramics, sand, and 
wax), material state (liquid, powder, wire, etc.), material 
compatibility, and its availability, consolidation type 
(polymerizing, laser melting or sintering, fusing, UV 
curing, etc.), desired feature size, resolution, throughput, 
and speed[13]. In biomedical 3DP extrusion[15], thermal 
inkjet and laser-assisted techniques are commonly 
used. The most common techniques for metal 3DP are 
powder bed fusion or melting methods, among which 
the selective laser melting (SLM) and electron beam 
melting (EBM) are very popular and they are the most 
widely used 3DP methods in the world. Direct energy 
deposition uses metal feedstock and a laser to fabricate 
parts. Vat photopolymerization selectively cures a vat 
of liquid photopolymer through targeted light-activated 
polymerization to produce 3D printed components. All 
the various methods are well-classified and represented 
in Figure 3 and the detailed information about each of the 
methods is included in following sections. 

2.1. Vat photopolymerization
SLA is the first patented and commercialized AM process 
which uses a vat photopolymerization technique, and the 
3D objects are generated in this process by selectively 
curing a vat of liquid photopolymer through targeted 
light-activated polymerization. The SLA, digital light 
processing (DLP), continuous, direct light processing 

Figure 2. Schematic representation of the 3D printing process (Reprinted from 3D Printing Technology in Nanomedicine, 1st edition, 
Ashish, Ahmad N, Gopinath P, et al, 3D Printing in Medicine: Current Challenges and Potential Applications, pp 1-22, Copyright (2019), 
with permission from Elsevier)[13].
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(CDLP), and bio-plotters use vat photopolymerization 
technology[13]. In the photopolymerization technology, 
the primarily used materials are liquid, radiation-curable 
resins, or photopolymers such as polyimides, elastomers, 
pure polymer resin, composite resins, supramolecular 
polymers, graphene, and ceramic slurry + resins. Mostly, 
UV wavelength and some light systems can be used for 
radiation of photopolymers. Radiation on photopolymer 
materials leads to a chemical reaction, known as 
photopolymerization, that solidifies the materials. 
Photopolymers were first used in 1960s and later applied 
in glossy coatings of papers and cardboards, dentistry, etc. 
In the middle of the 1980s, Charles Hull fabricated a 3D 
solid part by laser scanning over a UV-curable material 
and cured one layer over a previous layer, representing 
the very first step toward SLA technology[16]. In this 
regard, Figure 4 shows a schematic of the SLA vat-
based method. Vat-based AM methods have numerous 
advantages, including excellent print resolution, good 
surface finishing, high efficiency, versatility, and superior 
printing accuracy.

In SLA technique, the production process starts with 
the deposition of photopolymer material as a first layer 
on the build platform by utilizing a recoating mechanism. 
The desired pattern produced by a UV laser raster on the 
resin surface and leads to the cross-linking of the liquid 
photopolymer into solid form. The subsequent layers are 
built by recoating a new layer and its patterning with a 
UV beam. The controlling parameters in this technique 
are scanning speed, exposure time, laser power, material 
composition, and photoinitiator[17]. Three different 

mechanisms are used in vat-based photopolymerization 
methods, including vector scan SL, mask projection, 
and two-photon approach (Figure 5). Among different 
influencing parameters, laser wavelength has a key role 
in regulating laser power. Each laser type uses a specific 
wavelength; for example, in the SLA-250 device, a helium-
cadmium (He-Cd) laser type with 325 nm wavelength is 
used; other SLA devices from 3D Systems have Nd-YVO4 
lasers with 1062 nm wavelengths (near-infrared); a high 
power titanium-sapphire laser with 790 nm wavelength is 
used in a 2p-VP two-photon vat-based device[16].

Another popular vat-based method is mask-
projection vat photopolymerization (MPVP), also known 
as DLP, that can achieve resolutions in the range of 30 μm. 
In DLP method instead of laser beam utilization in the 
two-photon and vector scan systems, a large radiation 
beam is patterned by the utilization of another device such 
as Digital Micromirror Device™ (DMD) a large radiation 

Figure 4. A schematic diagram of the stereolithography vat-based 
technique. 

Figure 3. An overview of the most important additive manufacturing technologies.
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beam is patterned by the utilization of another device 
such as Digital Micromirror Device™. In the two-photon 
approach, the photopolymerization process is implemented 
at the intersecting point of two laser beams[16].

2.2. Powder-bed fusion
In powder-bed 3DP techniques, a thermal source is 
utilized to selectively melt or fuse the substances (wax, 
metal, nylon, polymer, plastic, ceramic, composite) 
which are held in a tray and the melt or fused materials 
are then sequentially printed in a layer-by-layer manner. 
Several examples of the printing methods following the 
power-bed 3D printing include EBM, SLS, polymer laser 
sintering, direct metal laser sintering and SLM[18].

The basic of laser powder-bed fusion is shown in 
Figure 6A. A laser beam scans the target location of the 
powder bed with specified speed and energy to convert 
the powder fusion into solid form, under full melting SLS 
(SLM) or partial melting SLS condition. According to the 

defined layer thickness, the powder bed is lowered, and 
the fresh layer of powder is prepared after the completion 
of previous layers. This method was repeated several 
times to complete the fabrication[19,20].

(1) SLM method

Being one of the most popular prototyping methods, the 
SLM method uses high power-density laser to fuse metal 
or metallic alloy powders to produce AlSi10Mg parts[22], 
martensitic high strength steel[23], and Al–Scalloy[24]. The 
production of 3D part by SLM involves a series of steps 
from digital design data preparation to the removal of 
the completed part from the building platform. First, to 
generate the slice data of each layer for laser scanning, 
SLA (STL) files must be produced by software such as 
Materialise Magics. Then, the CAD data are uploaded 
to the SLM machine. The building procedure starts with 
laying the first thin layer of metal powder on a tray. Soon 
after the powder is laid, a laser beam with a high energy-

Figure 5. Various photopolymerization mechanisms in vat-based methods. (A) Vector scan SL. (B) Mask projection. (C) Two-photon 
approaches. 

A B C

Figure 6. (A) Schematic presentation of the laser-based powder-bed fusion process. (B) Main components of an electron beam melting 
technique (Reprinted from Additive Manufacturing, Volume 19, Galati M and Luliano L, A literature review of powder-based electron beam 
melting focusing on numerical simulations, pp 1-20, Copyright (2018), with permission from  Elsevier)[21].

A B
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Figure 7. Schematic representation of the processing steps in the selective laser melting (Reprinted from International Journal of 
Refractory Metals and Hard Materials, Volume 77, Sing SL, Wiria F E and Yeong WY, Selective laser melting of titanium alloy with 
50 wt% tantalum: Effect of laser process parameters on part quality, pp 120-127, Copyright (2018), with permission from Elsevier)[26]. 
The powder mixture is added into chamber and then the laser scanned and fused the powders according to the sliced computer-aided 
design data. Subsequently, the cycle of powder deposition, laser irradiation, and lowering the tray is repeated until the entire 3D part is 
produced. 

density beam is utilized to melt and fuse the preferred 
regions according to CAD data. After the completion of 
the first layer, the building platform is lowered, and the 
subsequent layer of powder is deposited on the previous 
layer before the laser beam begins to scan a new layer. 
This procedure is repeated several times until the entire 3D 
part is fabricated. The completed 3D part is then removed 
from the platform manually or by electrical discharge 
machining (EDM) and the loose powders removed from 
the surface[25]. Figure 7 shows the schematic presentation 
of the processing steps in the SLM technique.

The key process variables of the SLM technique, 
such as scanning speed, laser power, hatch spacing, 
and layer thickness, must be accurately regulated. 
Furthermore, some important physical aspects should be 
considered, including thermal fluctuation in the material 
that will lead to crack initiation and failure, the balling 
issue that intervenes in continuous melt formation, and 
the absorptivity of material toward laser irradiation[25].

(2) EBM method

The EBM method, as one of the layer-by-layer techniques, 
is among the most used AM techniques. It can be used to 
produce high-quality metal and metallic alloys parts[27-29] 
and the near net shape metallic samples with complex 
geometries[30]. In this method, the structures are made 
by selective melting of discrete powder layers through 
electron-beam gun under the vacuum condition. The 

melting process is engendered by the energy emission from 
the electron beam of a tungsten filament which consists of 
two magnetic coils for controlling the beam position and 
diameter and the adjustment of focusing and defocusing 
conditions[31]; Figure 6B demonstrates a schematic 
presentation of the EMB device. Furthermore, Figure 8 
represents the EBM chamber (Figure 8A) and the EBM 
process steps (Figure 8B). In the EBM technique, each slice 
is categorized in two distinct regions named contours and 
squares. First, the contour region which acts as an interface 
between the part and the surrounding powders is produced. 
Then, the square parts of the inner region of these boundary 
and contour zones are fabricated by EBM. Performing the 
EBM process in the vacuum condition prevents impurity 
and contamination that leads to the formation of high-
quality parts with good mechanical properties[32,33]. After 
the complete fabrication of a 3D printed object, the part is 
kept inside the chamber for cooling. Then, excess powders 
are removed from the part, and because of the relatively 
rough surface of the EBM parts[34,35], they are subject to 
final surface treatments through milling, turning, polishing, 
and grinding devices[36].

2.3. Binder jetting 
The binder jetting-based techniques, also known as the 
direct 3DP, use the inkjet printing system. Specifically, 
the printer head in this system not only moves in the 
x-y plane as the conventional state but also runs in the 
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z-direction using the height-adjustable platform. This 
type of movement in the coordinate system is suitable for 
simultaneous printing of the objects in all directions[38]. 
This system is similar to that of the powder-bed fusion, 
in which a substance layer is deposited over the bed and 
then leveled with the roller. Then, the multichannel print 
head, according to the coordinate system and parameters 
of the CAD file, dispenses the droplets of binder material 
onto the powder bed before the ultimate binding of 
powder particles. After finishing the first layer, the device 
piston lowered the powder bed and the deposition of 
the next layer began[39]. Figure 9 shows the schematic 
presentation of binder jetting technology in 3DP. 

2.4. Material jetting
Material jetting or multijet modeling (MJM) is one of the 
photopolymer-based injecting systems which build the whole 
3D object layer-by-layer through multiple nozzles. The 
chemical basis that is similar with vat photopolymerization 
is also utilized in material jetting technique, but the liquid 
material is not kept inside the vat container. Furthermore, 
similar to the inkjet printing technology, the printer head 
of this method distributes the polymeric substance over 
the substrate which is subsequently cured with UV light. 
Afterward, the finished layer of the object is gradually 
lowered to let the upper layers to be built[41]. Along with 
the photopolymeric substance, some kind of jelly or wax 
material was added to support the printing procedure[42]. 
The impressive characteristic of these MJM methods is 

Figure 9. The binder jetting technology (Reprinted from Additive 
Manufacturing, Zhang Y, Jarosinski W, Jung YG, et al, 
Additive manufacturing processes and equipment, pp. 39 
–51, Copyright (2018), with permission from Elsevier)[40].

Figure 8. Selective electron beam melting technique. (A) Process chamber. (B) Four-step cyclic process for building layer-by-layer final 
3D part[37]

their ability to simultaneously deliver up to fourteen types 
of materials; therefore, this kind of method can build a 3D 
object with multiple properties such as various colors, hard 
and soft type of plastics for different regions of an object, 
and different morphological and elastomeric conditions[43]. 
Figure 10 represents the schematic illustration of this 
method.

2.5. Material extrusion
Material extrusion method utilizes special heating nozzles 
and pneumatic or mechanical facilities and through them 
the collected 3D printing material in the chamber is 
dispensed. These extrusion-based methods are favorites 
of both industrial manufacturers and researchers since 
they are easy to use and economical. This method can 
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be used in two distinctive ways along with material 
melting (precise extrusion deposition[45], precise extrusion 
manufacturing[46], multiphase jet solidification[47], and 
fused deposition modeling[48]) and without material 
melting (direct-write assembly[49], solvent-based extrusion 
free-forming[50], 3D bioplotting, robocasting[51], pressure-
assisted microsyringe[52], and low temperature deposition 
manufacturing)[53]. FDM is the most well-known among 
these versatile material extrusion techniques. In FDM, the 
material (usually a thermoplastic or composite) is extruded 
by special nozzle systems which consist of, for instance, 
heated and digitally controllable nozzles that can move in all 
three directions. After the heating or melting procedure, the 
material or substance that flows through the nozzle equipped 
with a temperature control system will rapidly solidify upon 
its first contact with the air. After the deposition of the first 
layer, the stage is lowered to continue and complete the 
layer-by-layer formation of the 3D object[39,44].

2.6. Sheet lamination
The 3DP methods, similar to laminated object manufacturing 
(LOM), are categorized in sheet lamination group. This 
type of method fabricates a 3D object that involves a layer-
by-layer lamination of a sheet material such as metal, 
plastic, and paper. Initially, the sheet material which is 
coated with an adhesive substance is located on the stage; 
subsequently, the sheet is traced using a beam of laser or 
a razor, and its cross-section is cut based on the 3D CAD 
model[54,55]. Second, the excess material that is not needed 
anymore is removed by the laser. Following this procedure, 
the stage is lowered to deposit the next layers on the 
previous ones. Finally, these steps are repeated until a 3D 
object is made. Figure 11 shows the schematic illustration 
of the LOM process. The LOM-fabricated objects 
have several benefits compared to other AM-produced 
objects, including (i) higher resistance to deformation and 
distortions due to their low internal tensions, (ii) lower 

production price, (iii) lower fragility or higher durability, 
(iv) a wide range of materials with versatile mechanical 
and chemical properties can be used in LOM, and (v) no 
post-processing is required. Unfortunately, the z-direction 
accuracy of LOM products is low. 

2.7. Directed energy deposition (DED)
In DED methods, a focused energy source like laser 
and electron beam and plasma arc is utilized to melt the 
material, and the melted substance is deposited in the wire 
or in powder form through a nozzle. This method uses both 
features of material extrusion and power bed fusion AM 
processes. Unlike DED, the powder-bed fusion method 
melts the material during the deposition procedure[57]. 
In DED technique, the nozzle head can shift in multiple 
directions and around the fixed object according to the 
3D CAD model. The high-energy beam is directed to the 
desired location to melt the material which immediately 
solidifies on the platform[58]. After the deposition of the 
initial layer, both nozzle and energy source shift upward 
to enable the deposition of the next layers on the previous 
ones, and this procedure is continued and repeated until 
the final 3D object is fabricated. The DED-based technique 
includes electron beam direct manufacturing, direct metal 
deposition (DMD), direct laser deposition, directed light 
fabrication, and laser engineered net shaping (LENS)[58]. 
These methods have the same processing steps but do not 
use the same energy source (type, power, and resolution), 
motion-control and powder delivery system, etc. Figure 12 
shows a schematic of the laser powder DED process. 

Figure 11. Schematic representation of laminated object 
manufacturing (Reprinted from Laser Additive 
Manufacturing, Hagedorn Y, Laser additive manufacturing of 
ceramic components: Materials, processes and mechanisms, 
pp. 163-180, Copyright (2017), with permission from 
Elsevier)[57].

Figure 10. Schematic illustration of material jetting or multijet 
modelling (Reproduced by permission of The Royal Society 
of Chemistry)[44].
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Figure 12. Schematic presentation of simple laser powder 
directed energy deposition  technique (Reprinted from Additive 
Manufacturing Technologies, Directed energy deposition processes, 
2015, pp. 245-168, Gibson I, Rosen D and Stucker B (original 
copyright notice as given in the publication in which the material 
was originally published) “With permission of Springer”[59].

3. AM in bioimplant applications 
Until 2019, roughly 13% of annual 3DP revenues come 
directly from the medical industry. Medical experts 
can make use of AM technology to design patient-
specific devices at an affordable cost. There are several 
reasons for the growing utilization of AM products in 
medicine: (i) Complex patient-specific implants and other 
specimens can be created by AM without any additional 
costs; (ii) 3D printed parts can be designed with high 
resolution (even nanometric ranges) to fit perfectly 
with a patient’s anatomy; (iii) it is very easy to conduct 
sterilization during production and post-production 
stages on 3D printed samples; (iv) being a high-speed 
technology, AM can produce the implants at a rapid rate, 
thereby delivering therapies quickly; and (v) the flexible 
nature of AM technology significantly reduces the cost 
of custom medical devices. Considering these benefits, 
AM is utilized in many medical aspects, ranging from 
hearing aids, artificial limbs, surgical implants, bones, 
and blood cells to synthesized human organs[60]. Common 
applications of AM manufactured for biomedical 
applications are listed in Table 1[61]. 

3.1. Influencing parameters in biological 
response of 3D printed metals 
(1) Pore size

In 3D printed metallic parts, two types of pores can be 
found; the first one is inter-particle pores and the second 
one is pre-designed pores. These pores can be arranged 
in an interconnected or non-interconnected manner that 
allows the formation of open or close porosity. Inter-

particle pores are usually produced due to insufficient 
melting of metal powders, and afterward incomplete 
bonding but the fabrication of these inter-particle pores is 
totally undesirable. On the other hand, the pre-designed 
pores are in a regular arrangement and are particularly 
used for triggering osteoinduction, reduction of elastic 
modulus, and weight of implant[79-82]. The word “pore” in 
this review refers to the pre-designed version. 

Pore size is among the crucial parameters which 
control the osteogenesis, migration of various cells, 
and supplement of nutrients and thus, the optimal pore 
size should be used in implant applications[83,84]. The 
favorable pore size for cell seeding should be in the range 
from 100 to 400 μm. It was reported that above this size 
range, cell seeding would become extremely difficult, the 
increased cell sizes are suitable for nutrients, waste, and 
blood transfer[85]. Cheng et al. produced porous Ti6Al4V 
constructs with different porosity and pore sizes through 
laser sintering and discussed the effects of 177-μm, 383-
μm, and 653-μm pore sizes on biological behavior[86]. 
By increasing the pore size, the level of osteocalcin 
was increased and the alkaline phosphatase activity was 
reduced since it is more beneficial to maturation rather 
than proliferation. Another study confirmed that 500-μm 
pore sizes are better than 700- and 1000-μm ones from the 
osteogenic activity aspect since it seems that the optimum 
pore size range is about 300 – 600 μm[87]. 

It has been demonstrated that the heterogeneous pore 
size designs are very beneficial both from the mechanical 
property and biomedical reaction points of view[85,88]. 
The upgraded heterogenous gyroid structures with both 
coarse and fine pore sizes were produced by EBM through 
the control of cell wall spacing and the contribution 
of patterned extrude cuts onto the gyroid walls; hence, 
a dual bio-structural functionalization was achieved. 
Nutrient transportation can be improved by the smooth 
curvature of the gyroid walls. Moreover, the introduction 
of the micro-pores led to efficient bone cell seeding. 
This design has acceptable values of Young’s modulus 
and compressive strength that are similar to those of the 
natural human bone[88]. In addition, Wang et al. produced 
a FEM-optimized heterogeneous porous lattice structure 
mimicking the human bone mechanical properties[85]. 
The produced structure includes a combination of micro-
scaled pores for nutrients transfer and milli-scaled pores 
for cell seeding. The obtained results show the successful 
anisotropic design with mechanical properties similar to 
those of the human bone with the compressive strengths 
between 169 and 250 MPa, Young’s modulus of 14 and 
25 GPa, and densities of about 1.57 and 1.85 g/cm3.

(2) Porosity 

Porosity simply shows the volume percentage of voids 
in a solid material which is measured in comparison 
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Table 1. Various AM technologies in medical applications and their advantages and disadvantages reproduced (Reprinted from 3D and 
4D Printing of Polymer Nanocomposite Materials, Sinha SK, Additive manufacturing (AM) of medical devices and scaffolds for tissue 
engineering based on 3D and 4D printing, pp 119-160, Copyright (2020), with permission from Elsevier)[61]

Technique Pros Cons References
Vat
photopolymerization 
and Selective laser 
sintering

• High resolution
• Enhanced mechanical property
• Able to print high-density cells
•  Suitable for many photocurable polymers
• The raw material base is a fluid
•  Complex structure formation through 

power bed
•  Biomaterial deposition in the solid or liquid 

phase
• Able to use ceramic materials

• Shrinkage and heat effects
• Material limitation
• Require a UV source
•  Toxicity due to near UV blue light
• Cell damage
•  Limitations in multicomponent cells
•  Thermal damage during the 

procedure

[62-68]

Stereolithography • Great resolution and fast production
•  Independency of printing time to complexity
• Nozzle-free technique

• Common for photopolymers
• UV blue light is toxic to cells
•  Multicell printing is not possible

[69]

Powder fusion
printing (PFP)

•  High range of materials (metals, polymers, 
etc.)

• Excellent mechanical strength
• Complex geometries
• Powder recycling

• Microfractures and voids
• Crack generation
•  Hard to produce horizontal gradients
• Need post processing
• High power usage
• Thermal distortion

[61,63] 

Extrusion printing • High simplicity
• Excellent controlling
•  Capability to print both physical and 

compositional gradients
•  Capability to print cells and bioactive factors
•  Able to print polymers, metals, and ceramic 

parts

• Low speed
•  Only applicable for viscous liquids
•  Should control the material usage 

and other factors
•  Require binder/polymer removal 

at high temperature followed by 
sintering

[66,70,71]

Directed energy
deposition

•  The raw material platform is solid polymers
• High resolution
• No need to powder bed
•  Able to easily print multi-material structures 
along with compositional gradient

• Expensive procedure
• Possibility of thermal damages
•  Poor part resolution and tolerances

[64-67,72]

Sheet lamination •  Speed, low cost, ease of material handling
• Formation of layered laminate structure
•  Possibility to print hydroxyapatite, zirconia, 

various cells

• Just for layered laminates
• Post-processing is needed
•  The strength and integrity of models 

are reliant on the adhesive used
• May require post-processing
• Limited material use

[64-67,73] 

Indirect 3D printing • Suitable for prototyping/preproduction
• Applicable for various materials

• Low resolution
• Time-consuming
•  Requirement for dedicated waxes for 

biocompatibility and molds for casting

[74]

Inkjet printing •  Applicable for wide range of biomaterials
•  Without any need to support structural 

complexities
• High-speed
•  Coprinting the multiple solution compositions
•  It can simultaneously print bioactive composites
•  Materials with low viscosity can be  

printed

• Toxic nature
•  Compared to SLS, low mechanical 

strength
• Expensive setup
• Low applicable material range
•  Continuous procedures are not possible
• Low cell density
• Clogging of the head issues

[74,75]

(Contd...)
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Technique Pros Cons References
Direct ink writing 
(DIW)

• Easy to use with hydrogels
• Simple nature
• Possibility to use multiple inks
• Cost-effectiveness 
• Environmental friendliness

•  It is not a good choice for complex 
parts and processes

•  Crucial to carefully control the 
thickening and thinning agents in 
bio-ink

•  Hard to attain the desired 
microstructure

• Hard to extrude liquids

[76,77]

Fused deposition 
modeling (FDM)

•  Lower toxicity compared to 3D printing 
with photopolymers

• Cheap procedure

•  Need to use additional support 
structure

• Need to do post-processing 
• Low resolution

[78]

Bioplotting • Possibility to print viable cells
• Suitable for soft tissue 

• Limited size ranges for nozzle
•  Need to use additional support 

structure

[74]

Laser-assisted 
bioprinting (LAB)

• Excellent precision printing 
• Single-cell patterns 
• It can use various bioactive materials 
• It can print different solutions at a time 
• Easy automation 
• High throughput

• Expensive 
• Scaffolds have limited heights

[74,77]

Table 1. (Continued)

with materials without any pores. This parameter can 
be influenced by pore size, strut thickness, and pore 
shape. It is believed that higher porosities lead to better 
growth of osteon cells, increase the surface area which 
causes more cellular interactions, and provide proper 
interface-locking in laser-processed porous titanium[89]. 
Moreover, it has been shown that pore shape can affect 
osteogenic differentiation[90]. The improved osteogenic 
differentiation was observed on scaffolds with high 
porosities compared to low-density ones[91]. In fact, the 
porosity of human trabecular bone is within in the range 
of 70 – 90%, so this range seems to be suitable for a 3D 
printed implant. In a previous study by Cheng et al., 
different porosities (70%, 37.9%, and 15%) were designed 
in EBM-produced Ti6Al4V samples, and the sample with 
the highest porosity has a higher potential for stimulating 
osteoblast differentiation than the other samples[92]. Other 
studies also confirmed this observation and asserted that 
implants with porosities similar to human bone’s (70 – 
90%) had the best bone ingrowth and greatly improved 
cell viability, but there would be some differences about 
the results of other biological responses toward porosity, 
like cell proliferation and differentiation[87,93].

(3) Interconnectivity of pores 

The interconnectivity of pores determines whether the 
pores are connected or isolated. Formation of tissues in the 
interconnective structures can be progressively continued 
from the openings up to the central regions while dead 

ends due to isolated pore structures impede the growth 
of the cells and cause poor cellular interactions, such as 
differentiation, osteogenesis, and angiogenesis. Higher 
values of the influencing factors, such as detour indexes 
and pore throats, can sometimes lead to suppression of 
the proper bone ingrowth and tissue formation[94].

It is difficult to obtain the desired pore size and 
shape, porosity, and interconnection at the microscale 
level with traditional ways and evaluate their possible 
biological effects. However, it is rather simple to obtain 
well-designed and regular pore structures through AM 
technology. The CAD-based models can be utilized to 
predesign and produce any kind of porous structure using 
3DP technologies. Two porous structures can be used: The 
honeycomb-like structure is a CAD-based structure with 
a diamond lattice, in which each atom is enveloped by 
four neighboring atoms[95,96], while the cubic structure is 
formed by scanning powder layers with the use of electron 
beams in constant intervals and parallel manner, and in 
every eighth layer, the scanning direction is rotated 90°[97].

(4) Lattice structure topologies

Many studies have focused on improving the lattice 
designs, especially on from the aspects of weight 
reduction and customizability, and various lattice 
structure topologies have therefore been proposed. In 
this regard, truss lattices with interconnecting struts in a 
3D space are among the well-known class of lightweight 
parts. They have superior strength, stiffness, and energy 
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absorption capabilities[98]. The high-quality trusses with 
complex geometry and fine features can only be made by 
AM methods, specifically the SLM and EBM techniques. 
Some of the most popular truss lattices include simple 
cubic (SC), body-centered cubic (BCC), and face-
centered cubic (FCC), as shown in Figure 13. These 
structures are made from the unification of vertical and 
inclined struts; for example, SC lattice includes vertical 
struts (and some tension in the horizontal struts) under 
compression; BCC consists of pure bended-inclined 
structure and FCC is a mixture of inclined struts with 
both bending and tension[98]. 

Structures can be categorized according to their 
geometrical features as shown in Figure 13 the well-
known truss lattices include: SC, BCC, and FCC. The 
structure with only some solid edges is called an open 
cell structure, whereas the structure with both solid edges 
and faces is known as a closed-cell structure. Foams have 
random connectivity of unit cells, and lattices have regular 
or periodic connectivity[99]. In this regard, other possible 
lattice structures and topologies were shown in Figure 14 
and include (a) Kagome, (b) octet truss, (c) MS1 lattice, 
(d) pillar textile, (e) square collinear/cubic, (f) re-entrant 
auxetic, (g) octahedron, (h) honeycomb, (i) square, (j) 
diamond, (k) triple periodic minimal surfaces (TPMS) 
P-type, (l) TPMS gyroid, (m) TPMS D-type, and (n) TPMS 
I-WP type[99]. It was found that topological features can 
affect the mechanical behavior of the material, and the octet 
truss design demonstrates superior mechanical properties, 
in addition to its ability to tolerate higher loads compared 
with other cellular structures. The main advantage of 
using cellular structure design is its ability in systematic 
and adroit utilization of material to reduce unnecessary 
consumption of material, energy, and time and manufacture 
lightweight parts with favorable mechanical strength[100]. 
Furthermore, cellular structures have a potential to show 
excellent thermal energy absorption and acoustic insulation 
properties[101]. From the aspects of geometry, porosity, and 
pores size, TPMS can be used as a topology suitable for 
manufacturing trabecular bone scaffolds[102]. 

3.2. Metallic scaffold parts in medicine
At present, metallic porous scaffolds are becoming one 
of the popular material choices in medical applications. 
One of the most important classes of materials in 
these applications is titanium (Ti) and its alloys due 
to its numerous mechanical advantages along with 
biocompatibility with living tissues[103-105]. Compared to 
stainless steel and other metallic systems, the medical-
grade Ti-based alloys show enhanced performance, 
especially in bone tissue ingrowth capability since Ti 
has a 50% higher strength to weight ratio and less Young 
modulus in comparison to stainless steel[106-108]. Moreover, 
Ti-based materials are free of any toxic effects[109], and 

they have acceptable mechanical properties (strength, 
elastic modulus, and hardness). In fact, the Young elastic 
modulus is of great importance in bone applications since 
a higher elastic modulus can lead to  stress-shielding 
effect that could lead to implant failure; hence, the 
porous designs are preferred since they have a potential 
to control the stress-shielding effect[110]. Furthermore, 
Ti-based alloys exhibit excellent corrosion resistance 
in simulated body fluids[111,112]. Considering the above-
mentioned superior features of Ti-based materials, 3DP 
of Ti is growing in importance for its application and 
bound to attract much attention. Recently, a successful 
case of 3DP of titanium was reported in a cancer patient; 
a 15-year-old boy received a Ti implant fabricated by 
the EOS Technology in a process that takes only about 6 
weeks, starting from the CAD model designing model to 
the final implanting[61].

(1) Titanium-based porous structures 

Recently, the AM manufactured porous structures attract 
much attention. Trabecular bone structure is one of the 
examples that can be designed by 3DP, and the obtained Ti 
porous structures can improve the bioactivity of implant, 
enhance cell adhesion, proliferation, and differentiation of 
osteoblasts[113]. Li et al. performed a systematic investigation 
about different aspects of 3D printed porous Ti-based 
materials that were produced by the EBM technique[114]. The 
highly porous and well-interconnected pore architecture 
shows good mechanical properties with enhancements in 
biological activity, osteoblast adhesion, cell morphology, 
proliferation, and alkaline phosphatase (ALP) activity. 
Moreover, to produce a Ti-based porous structure by the 
EBM technique, Zhang et al. designed a repeating array of 
titanium alloy unit-cells to mimic trabecular or cancellous 
bone structure[115]. Toward this end, various kinds of unit 
cells mimicking the trabecular bone structure with different 
pore sizes and porosity were produced. The result shows 
that the capacity of load-bearing is dependent on the 
porosity; a higher porosity value leads to a reduction of 

Figure 13. The most popular truss lattices: Simple cubic, body-
centered cubic, and face-center-cubic (FCC) ((Reprinted from 
Composites Part A: Applied Science and Manufacturing, Volume 
135, Li X, Tan YH, Wang P, et al, Metallic microlattice and epoxy 
interpenetrating phase composites: Experimental and simulation 
studies on superior mechanical properties and their mechanisms, 
Copyright (2020), with permission from Elsevier)[98]. 
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stiffness and load capacity; compared to dense Ti material, 
the 3D printed porous structure manifested a 96% decrease 
in elastic modulus and strength values. 

AM manufactured porous titanium interbody cages 
are very useful in spine treatment, and they have desirable 
levels of biocompatibility that is beneficial for better bone 
ingrowth and fixation. A comparative in vivo study that 
utilized 3D printed titanium porous implants produced by 
Stryker on several mature sheep found that bone ingrowth 
on porous titanium alloy was superior to both PEEK and 
plasma spray-coated implants and the histomorphometric 
results showed better osteoblastic deposition on these 
implants[116]. Furthermore, peri-implant osteogenesis 
and increased stability were observed in 3D printed 
titanium samples. The titanium porous materials can be 
further improved in different strategies. For instance, 
Song et al. capitalized upon the varying macro architectures 
and surface topological morphology on SLM produced 
porous titanium for modulation[117]. This dual modulation 

was initially carried out together with the utilization of 
a wide range of compressive strengths and subsequently 
by alkali treatment, heat treatment, and hydroxyapatite 
coating formation through electrochemical deposition. 
The in vitro results indicated good cytocompatibility, 
improved osteon cell adhesion, and proliferation, while 
in vivo experiments indicated superior tissue-materials 
interfaces in dual modulated samples. Figure 15 shows 
the fabrication method of dual modulation on 3D printed 
titanium material. 

Coating with biologically beneficial substances 
is one of the methods for improving AM manufactured 
porous materials. Bose et al.[118] manufactured titanium 
porous structures with about 25% volume porosity through 
LENS method, produced TiO2 nanotubes on the structure 
surface and a coating functionalized by Sr2+ and Si4+ ions, 
doped bioactive calcium phosphate (CaP) ceramic in 
simulated body fluid and implanted the samples in the rat 
model. These doped CaP-coated 3D printed Ti implants 

Figure 14. Various lattice structure topologies (International  Journal of Advanced Manufacturing Technology, A state-of-the-art 
review on types, design, optimization, and additive manufacturing of cellular structures, Volume 104, 2019, pp. 3489–3510, 
Nazir A, Abate KM, Kumar A, et al (original copyright notice as given in the publication in which the material was originally 
published) “With permission of Springer”)[99]. (A) Kagome, (B) octet truss, (C) MS1 lattice, (D) pillar textile, (E) square collinear/
cubic, (F) re-entrant auxetic, (G) octahedron, (H) honeycomb, (I) square, (J) diamond, (K) triple periodic minimal surfaces (TPMS) P-type, 
(L) TPMS gyroid, (M) TPMS D-type, and (N) TPMS I-WP type.
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resulted in early bone tissue integration and proper tissue 
ingrowth. Furthermore, a good bonding in the interfacial 
regions between the bone tissue and the implant surface 
was observed. Moreover, it enhanced new bone formation 
and accelerated mineralization were seen in the periphery 
of the implant material. Overall, porous materials have 
better biological performance than the dense type. 
Furthermore, CaP plays a crucial role in early bone tissue 
integration with the implant. Figure 16 shows a brief 
explanation about doping and coating procedure.

Among the titanium-based biomaterials, Ti6Al4V is 
known for its improved mechanical properties relative to 
the pure Ti. Unfortunately, the toxic effects of Al and V 
restrict its application in clinical settings. Nevertheless, 
since the release of Al and V is in low amounts, Ti6Al4V 
can still be used in medical devices and implants. Many 
studies have been performed to examine the design 
parameters, such as porosity and pore size, in relation 
to this subject. Table 2 presents a brief review of these 
studies.

The production of 3D printed titanium porous 
structure is progressing toward the commercial stage; for 
instance, U.S. Food and Drug Administration (FDA) has 
approved the 3D printed titanium implants, which are 
known as Emerging Implant Technologies (EIT) Cellular 
Titanium® (Figure 17) produced by a German medical 
device manufacturer, for spinal applications. This new 
product was designed based on the ideal pore shape and 
size, with the goal to achieve improved cell proliferation 
and bone ingrowth conditions. In fact, the EIT cervical 
cage’s anatomical architecture can potentially overcome 
the surgical and biomechanical issues related to the cervical 
multi-level fusion by modifying the vertebral endplate 
contact and sagittal balance restoration[126]. Another 
example approved by FDA is the MATRIXX® stand-alone 
cervical system for patients suffering from degenerative 
disc treatment will be assisted by it. Furthermore, a number 
of companies that utilize direct metal printing technology, 
such as IMR, nuVasive, and Stryker, are working on 
production AM manufactured titanium implants[127]. 

Figure 15. Schematic presentation of the dual modulation procedure (Adapted from Ref [117] with permission from The Royal Society of 
Chemistry).
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(2) 3D printed cobalt chromium (CoCr) alloys

In orthopedic surgery, CoCr-based alloys are of 
significant importance and utilized extensively in high 
loaded areas. Nonetheless, the stress shielding effect and 
bone resorption are the major concerns when it comes 
to applications due to the high stiffness level of CoCr 
alloys[128]. Smart design and structural modifications can 
help overcome these issues; one of the best options to 
reduce the stiffness mismatch in metal-alloy implants’ 
interface and the periphery natural bone tissue is 
designing the porous structures. In this regard, additively 
manufactured CoCr alloys have attracted much attention. 
Shah et al. produced a 3D printed CoCr alloy specimen 
with interconnected open-pore architecture and macro-
geometry with EBM technology[129]. The produced 
samples were implanted in adult sheep femora and the 
outcomes after 26 weeks revealed that the density of 
osteocyte was higher in the CoCr sample compared to 
that in Ti6Al4V, but the total bone-implant contact of 

Ti6Al4V was higher. Furthermore, the CoCr alloy does 
not significantly change the mineralized interfacial tissue 
composition compared to Ti6Al4V alloy. Overall, the 
results indicated the possibility of bone in growth in the 
interconnected porous structure of CoCr samples. In a 
different study, Limmahakhun et al. studied the micro-
pore structure, biological response, and mechanical 
properties of CoCr alloy scaffolds that were produced by 
SLM and reported that the SLM techniques are capable of 
fabricating the CoCr cellular structures with graded beam 
thickness and the unit cells with pillar-octahedral shape 
and human bones share the similar mechanical properties 
and morphology[130].

(3) 3D printed tantalum

Tantalum is an inert material both in in vivo and in vitro 
condition and has low solubility and very low toxicity 
in its pure and oxide forms. Tantalum behavior in hard 
tissues is similar to titanium with osteointegration 
properties. This material has been clinically utilized since 
1940 and its applications in implantation and diagnosis 
are growing[131]. The characteristics of tantalum, 
which are similar to that of cancellous bone, enable its 
applications in orthopedic surgeries in the spine and 
hip, knee arthroplasty, and as bone graft substitutes. 
Levine et al.[132] studied the porous tantalum structure 
which was produced through carbon vapor deposition/
infiltration onto vitreous carbon scaffolding. This open-
cell design with continuous dodecahedrons unit cells 
indicated enhanced volumetric porosity (70 – 80%), low 
Young’s modulus (~3 MPa), and improved frictional 
properties. Furthermore, it has good biocompatibility and 
can produce a self-passivating surface oxide layer which is 
beneficial for biological applications. Therefore, tantalum 
is an appropriate option for biomedical applications, and 
3DP of tantalum would be a good way to further improve 
its features. In 2017, a Chinese research group performed 

Figure 16. Schematic presentation of Sr+2 and Si+4 doped CaP coating on 3D printed porous titanium with nanoscale surface modification 
(Reprinted from Materials & Design, Volume 151, Bose S, Banerjee D, Shivaram A, et al, Calcium phosphate coated 3D printed porous 
titanium with nanoscale surface modification for orthopedic and dental applications, pp 102-112, Copyright (2018), with permission from 
Elsevier)[119].

Figure 17. Emerging Implant Technologies (EIT) cervical cage or 
the EIT Cellular Titanium® approved by the U.S. Food and Drug 
Administration[126].
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AM method Characteristics Results References
SLM

Diamond lattice pore structure, porosity 
66.1 – 79.5%, pore size 0.65 mm, strut 
diameter 0.2 – 0.4 mm

Dimensional accuracy is dependent on printing 
parameters, such as laser power, scanning speed, 
and power layer thickness. The 10% porosity 
reduction results in a 100-MPa increase in 
compression strength. New inward bone tissue 
growth was observed in both cancellous and 
compact bone within 0.4 mm strut diameter and 
66.1% porosity

[4]

SLM

Interconnecting channels with various 
diameters (500, 700, and 900 μm)

Well-defined pore distribution with proper 
interconnectivity, the small pores are helpful 
for cell adhesion, the large pores improve cell 
proliferation. Pores with about 600-μm size are 
beneficial for bone ingrowth, maturation, and 
bone-implant fixation stability

[119]

SLM 

Three gradient patterns (cell size, density, 
heterostructure), gyroid and diamond 
unit cells with triply periodic minimal 
surfaces (TPMS)

The TPMS method is suitable for obtaining 
functional graded structures that mimic natural 
bone. Gyroid and diamond unit cells possess a 
suitable strength (152.6 MPa and 145.7 MPa) 
and comparable elastic modulus (3.8 GPa) with 
compact bone. The pore size gradient does not 
lead to considerable density alterations

[120]

SLM

TPMS porous structures, from left 
to right: primitive, I-WP, gyroid, and 
diamond

TMPS structures well resembled the topological 
properties of trabecular bone, high fatigue 
resistance, and endurance limit as high as 60% of 
their yield stress. It has comparable morphology 
and permeability values with trabecular bone. 
Excellent mechanical properties such as low 
elastic modulus and high yield strength

[121]

SLM

Dense center and graded periphery 
structure, porosity in the range of 50 – 
80%

Other favorable properties are high compressive 
strength, improvement of bone integration, 
enhanced cell growth, maximum calcium 
deposition in 400 um pore size, and better 
osteointegration. Spider web structures show 
higher Young’s modulus values. Web structures 
(70% porosity) and diamond unit structures 
(porosity 50%) share almost similar mechanical 
properties

[122]

EBM

 
Dodecahedron unit cells with various 
pore sizes (600, 400, and 200 μm). 
Porosity 65%, with 500 μm strut sizes

Porous structure minimizes the stress-
shielding effect. Other beneficial effects are 
increased osteoblasts function, cell adhesion, 
proliferation, proteins’ function, and calcium 
deposition. Smaller pore sizes have better 
biological performance than larger ones

[123]

Table 2. Brief information about the characteristics and outcomes of 3D printed Ti-based porous scaffolds

(Contd...)
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AM method Characteristics Results References
SLM

 
Trabecular like scaffolds based on 
the Voronoi Tessellation principle 
with a porosity range of 48.83 – 
74.28% and varying irregularities  
(0.05 – 0.5)

This scaffold has the elastic modulus in 
the range of 1.93-5.24GPa and an ultimate 
strength ranging within 44.9- 237.5 MPa, 
enhanced osteoblasts adhesion and migration, 
improved cell proliferation, and early osteoblast 
differentiation

[124]

SLM

 
Exterior with octet truss cell (75% 
porosity and pore size of 1042 μm) and 
internal structure with tetrahedron cell 
(80% porosity and pore size of 700 μm)

SLM has high accuracy in printing CAD modeled 
scaffolds associated with cell proliferation of 
about 140% which is superior to that of about 
90% in other uniform structures. Hence, these 
porous functional graded structures are a better 
option for bone implant applications.

[125]

EBM

 
Heterogeneous porous micro lattices with 
the coarse central porous pillar and fine 
pores within walls. Nutrients exchange 
through micro-scaled pores and milli-
scaled pores are responsible for cell 
seeding, porosities up to ∼ 60%

The mechanical properties of microlattices are 
in the range of the same parameters of human 
cortical bone. In addition, their compressive 
strengths and Young’s modulus are in the range 
of 169.5 – 250.9 MPa and 14.7 – 25.3 GPa, 
respectively. The existence of edges to close up 
the lattice boundaries enhances the mechanical 
properties. The anisotropic design could 
improve structural efficiency in a specific 
loading direction

[85]

EBM

 
Upgraded gyroid lattices, gyroid wall 
spacings in millimeter range and additional 
micrometer-scaled pores on the walls

The wide wall spacing facilitates nutrients 
transports into the implant, and the micro-pores 
are responsible for seeding the bone cells. The 
stress-shield effect is inhibited by maintaining 
the Young’s modulus values between 8 and 
15 GPa. The compressive strength was in 
the range of 150 – 250 MPa. The mechanical 
properties fall within the natural range of the 
human bone

[88]

SLM, selective laser melting; EBM, electron beam melting.

Table 2. (Continued)

a total knee replacement using the 3D printed tantalum 
on an 84-year-old man who was able to do some basic 
movements only a day after the surgery[133]. Despite the 
challenges in the 3DP of tantalum due to the high melting 
temperature (~3000°C), the produced samples are still 
praiseworthy for being very compact and having fewer 
defects.

(4) Shape memory alloys (SMA)
The shape memory effect is a unique phenomenon in 
which the deformed material has the ability to recover 
to its original shape and size when heated in a special 
characteristic temperature range or as a response 
to mechanical stresses by a reversible martensitic 
transformation. This impressive feature bequeaths the 
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SMA many applications, especially in medical and spine 
surgeries[134-136]. Moreover, the SMAs also have other 
stimulating uses in actuators, sensors, the aerospace 
industry, and even fashion products[137].

One of the most imperative classes of SMAs in 
medical applications is NiTi alloys. In addition to its very 
interesting shape memory effect, NiTi has good ductility, 
outstanding corrosion and wear resistance, and terrific 
biocompatibility[137]. This section focuses only on NiTi or 
nitinol since they are the most utilized SMAs. Manufacturing 
parameters can largely influence the functionality of SMAs, 
texture, microstructure, surface quality, precipitates, and 
several defects[138,139]; hence, the production process needs 
to be precisely controlled. LAM methods, including LSM, 
are highly utilized in the production of 3D printed SMAs 
since these methods ensure proper homogeneity, especially 
in complex and dense structures. Furthermore, these 
methods are applied in the production of various-shaped 
SMAs because they can produce graded porous structures 
accurately. Usually, SLM method and laser metal deposition 
(LMD) are commonly used in the production of 3D printed 
SMAs (Figure 18). Both methods utilize metal powders 
and the sample is produced by cross-sectional slicing of the 
CAD model and layer by layer deposition. In SLM, special 
regions in a metal powder bed are melted and solidified, 
while in LMD, several nozzles are used to feed successive 
layers of powders onto the building substrate on which the 
powder is melted by laser exposure. Several key parameters 
that influence the final quality of 3D printed part should 
be considered while using either one of both methods. 
These parameters include material condition (powder size, 
morphology, and composition), machine parameters (laser 
type, atmosphere), processing variables (laser power, track 
spacing, scanning rate and pattern, powder layer thickness, 
and beam spot diameter), and power feed rate in LDM 
method. 

Achieving the highest material density is of high 
importance in 3DP. In SLM, increasing the density of 

laser-energy leads to enhancement of component density 
up to the maximum value. After this peak, density 
reduction is possible, especially in materials which are 
vulnerable to oxidation and evaporation materials. This 
issue is very crucial in NiTi alloys since slight changes 
in composition can alter the shape memory effect of the 
material. Powder re-melting can potentially homogenize 
and eliminate the local compositional variations and 
enhance the overall SMA effect. Reducing the SLM scan 
speed and increasing SLM energy density can increment 
the transformation temperature and leads to a better 
temperature SMA temperature range[140,141]. 

NiTi SMA has excellent corrosion and wears 
resistance along with desirable biocompatibility which 
is attributed to the formation of the titanium oxide layer 
on its surface. This layer has a protective nature and 
even prevents the possible toxic and allergic effects 
of Ni release; therefore, the thicker TiO2 layers are 
preferred[142,143]. Laser irradiation can influence the TiO2 
formation and thickness which affects its biocompatibility. 
For instance, Nd-YAG laser irradiation has very beneficial 
effect on corrosion improvement and prevention of Ni 
ion release. This Nd-YAG laser irradiation can produce a 
thick oxide layer inhibiting the corrosion while retaining 
other properties[144]. Moreover, to enhance the biological 
response of the material and mesenchymal stem cells, 
the metal AM fiber lasers (optical fibers that doped with 
rare-earth elements) can be a good option since they 
are associated with desirable surface parameters, such 
as increased roughness and wettability, and improved 
surface chemistry[145].

A review of research literature shows that 3D printed 
NiTi alloys are potential candidates for implantation as 
they act as a good host for living cells and tissues. Habijan 
et al.[146] showed that the surface of SLM-produced porous 
NiTi scaffolds was entirely covered with live cells with a 
very insignificant number of dead cells after 8 days of cell 
culture. Other similar studies on SLM-produced porous 

Figure 18. Schematic presentation of (A) selective laser melting method with a scanning electron microscope image of powder and (B) laser 
metal deposition process with a metal deposition condition (Reproduced from Ref. [137] with permission from Cambridge University Press, 
https://doi.org/10.1557/mrs.2016.209, Copyright 2016 Materials Research Society 2016).
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Figure 19. The 3D printed NiTi samples. (A) Selective laser 
melting-produced hip joint after polishing. (B) Electron beam 
melting-produced acetabular cup and the magnified view of the 
porous lattice structure (Reproduced from Ref [152] with permission 
from Wiley Periodicals, Inc., https://doi.org/10.1002/jor.23075, 
Copyright 2015 Orthopaedic Research Society

A B

NiTi scaffolds through osteogenic cell culture confirms 
the good mechanical properties and successful activity of 
osteogenic stem cells in a salty medium or even under-
controlled compression stresses[147-149]. Furthermore, it 
was found that Ni ion release was below the cytotoxic level 
in both dense and AM produced porous NiTi scaffolds 
and reduced laser-beam diameter can decline the Ni ion 
release in SLM-produced NiTi scaffolds[146,150]. Figure 19 
shows examples of 3D printed NiTi components that 
have medical applications. 

4. Conclusions
The 3D printed implants have attracted much attention in 
recent years since they are amenable to rapid production, 
custom-built design, and precise control over the 
dimension and porosity. In this regard, the present review 
focuses on the history of various AM methods that are 
utilized in the production of metallic implants. Different 
technologies and effective parameters are discussed. 
Furthermore, the porous 3D printed metallic scaffolds 
that are lighter in weight, osteoconductive, can prevent 
stress-shield effect, and form interconnected structures to 
facilitate the nutrients transformation and cell growth is a 
subject of discussion in this review. Moreover, the 3DP of 
various imperative metallic systems for titanium, Ti6Al4V 
alloy, CoCr alloy, tantalum, and SMA are introduced. 
Considering the growing attention and utilization of AM 
manufactured products in medicine, it is necessary to 
develop more sophisticated technologies that have more 
precise control over the effective parameters in biological 
environments. These new technologies need to fulfill 
some key requirements, such as fast production, higher 
resolution of products, economical and environmentally 
friendly methods, less defective procedures, proper 
custom-built designs, biocompatibility, resistance to 
corrosion, wear, and compressive loads, inhibition 
of stress-shielding effects, proper surface conditions 
(roughness, wettability), and antibacterial designs. 
Recently, the emergence of smart and novel methods, 
including 4D printing, seems to represent a revolutionary 

step in AM technology. This review briefly summarizes 
the current knowledge in 3DP of implants with a special 
emphasis on the technologies and procedures which are 
instrumental in the conception and development of de 
novo technologies.
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