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Abstract 

The use of biodegradable polymers for treating bone-related diseases has become a focal point in the field of bio-
medicine. Recent advancements in material technology have expanded the range of materials suitable for ortho-
paedic implants. Three-dimensional (3D) printing technology has become prevalent in healthcare, and while organ 
printing is still in its early stages and faces ethical and technical hurdles, 3D printing is capable of creating 3D struc-
tures that are supportive and controllable. The technique has shown promise in fields such as tissue engineering 
and regenerative medicine, and new innovations in cell and bio-printing and printing materials have expanded its 
possibilities. In clinical settings, 3D printing of biodegradable metals is mainly used in orthopedics and stomatology. 
3D-printed patient-specific osteotomy instruments, orthopedic implants, and dental implants have been approved 
by the US FDA for clinical use. Metals are often used to provide support for hard tissue and prevent complications. 
Currently, 70–80% of clinically used implants are made from niobium, tantalum, nitinol, titanium alloys, cobalt-
chromium alloys, and stainless steels. However, there has been increasing interest in biodegradable metals such 
as magnesium, calcium, zinc, and iron, with numerous recent findings. The advantages of 3D printing, such as low 
manufacturing costs, complex geometry capabilities, and short fabrication periods, have led to widespread adoption 
in academia and industry. 3D printing of metals with controllable structures represents a cutting-edge technology 
for developing metallic implants for biomedical applications. This review explores existing biomaterials used in 3D 
printing-based orthopedics as well as biodegradable metals and their applications in developing metallic medical 
implants and devices. The challenges and future directions of this technology are also discussed.
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Introduction
 The proportion of individuals aged 65 years and above is 
currently approaching 10% of the global population, and 
this figure is projected to increase twofold by the year 
2050 [1]. Due to the effects of aging, these elderly individ-
uals are more prone to health issues, including tissue loss 
and bone fractures. Addressing these complications often 
necessitates the use of fixation, replacement, or recon-
struction procedures. Metals are commonly employed in 
these procedures due to the mechanical requirements of 
hard tissue, facilitating patient mobilization and prevent-
ing further complications [2, 3]. Conditions such as bone 
deformities, nonunion or malunion fractures, massive 
bone loss, tumors, and far-reaching distressing injuries 
pose significant clinical challenges as traditional surgical 
procedures have limited effectiveness in treating these 
disorders [4, 5]. To address these limitations, the concept 
of bone tissue engineering (BTE) has been introduced [6, 
7]. One promising technique in BTE involves the fabrica-
tion of three-dimensional (3D) synthetic structures that 
are tailored to the specific needs of the recipient and can 
accommodate cellular and protein integration [7].

Currently, approximately 70–80% of the implants 
employed in clinical settings consist of niobium, tanta-
lum, nitinol, titanium alloys, cobalt-chromium alloys, and 
stainless steels [8–10]. In recent years, there has been an 
increasing emphasis on the investigation of biodegrad-
able metals, including calcium, zinc, iron, and magne-
sium. Notably, several noteworthy findings have emerged 
in the past few years [11–15]. These metals have the abil-
ity to minimize the adverse implications associated with 
long-lasting implant materials when used as temporary 
implant materials. This can result in the avoidance of sec-
ondary surgeries, thereby expediting the process of tissue 
regeneration and minimizing further trauma. One nota-
ble example is the use of magnesium-based biomaterials, 
which have garnered significant interest due to their low 
cytotoxicity, appropriate elastic modulus that aligns with  
bone tissue, and favorable potential for bone formation [16].

3D printing is a manufacturing technology that com-
bines different elements such as light, computers, elec-
tricity, digital control, machinery, and new materials, 
enabling a revolution in manufacturing across different 
industries [17, 18]. In recent years, 3D printing has been 
increasingly adopted in biomedical applications, allow-
ing for human tissue restoration [19]. Its use extends to 
orthopedic as well as dental implants, cardiovascular 
systems, and bioartificial livers [20]. Additionally, 3D 
printing has been utilized in the development of medical 
electronics and microfluidic devices.

Owing to the mechanical mismatch between metal-
lic implants and bone, there is a risk of stress shielding 

which could result in bone resorption and implant 
failure. Therefore, new techniques are necessary to 
develop biomimetic devices. Traditional powder and 
metallurgy casting methods cannot create intricate 
internal architecture and complex external shapes. But 
with the advent of 3D printing, biodegradable metallic 
implants with regulated modulus and a porosity that 
nearly resembles that of natural bone can now be pro-
duced [21]. This reduces stress shielding issues. Addi-
tionally, 3D printing has low costs, high repeatability, 
a brief manufacturing phase, and enabling assembly-
line productiveness of metallic implants. It is also con-
nected with computer-aided design (CAD), enabling 
very flexible customized models. To match particular 
tissue flaws, this technology makes customized therapy 
possible in ways that have never been done before [22]. 
In order to design implants that closely mirror both 
the functional and structural features of natural bone, 
much effort has been undertaken in this direction.

The swift advancement in 3D printing techniques has 
given rise to new printing methods that overcome the 
drawbacks of laser and electron beam printing. Cur-
rently, 3D-printed biometals are mainly utilized for 
creating implants for tissue repair, orthopedics, and 
dentistry, as well as surgical tools. The development 
of liquid metals and 3D-printed biodegradable metals 
will eventually spread to additional biometal applica-
tions, such as biodegradable and/or implantable metal 
biological electronic devices. The uses of biometals, 
biodegradable metals that are created by traditional 3D 
printing techniques, and novel implications resulting 
from developing 3D printing technology are all covered 
in this article.

Advancements in three‑dimensional printing 
technology
Making actual products from digital models is known 
as three-dimensional (3D) printing [23]. Computer-
aided design (CAD) software can be combined with 3D 
modeling software, medical scanning methods, or a 3D 
scanner, to produce a virtual 3D design file. Several 2D 
cross-section layers are then created using the CAD 
data. Then, without the need for an intermediary mold-
ing phase, a 3D printer creates a 3D structure based 
on the preset 2D pattern [24]. 3D printing has several 
advantages, such as design freedom, automation, fast 
production, negligible leftover generation, customi-
zation, and accuracy, [25]. The process of producing a 
3D-printed object comprises three critical steps, which 
are data acquisition, image processing, and 3D printing 
of the object (see Fig. 1) [24].
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Acquisition of image data: a key step in the process
To accurately characterize the distinct receiver’s anat-
omy, it is essential to capture the bony structure with 
precision. Medical imaging modalities such as computed 
tomography (CT) and magnetic resonance imaging 
(MRI) are commonly used to obtain 3D medical infor-
mation with high resolution and accuracy [24, 25]. For 
orthopedic applications, CT imaging is preferred due to 
its high contrast and reliable presentation of bone dimen-
sions. However, the requirement of anesthesia for the 
subject throughout every imaging session and the vast 
variety of animal species are the two main drawbacks of 
CT imaging in animals [24]. The medical images acquired 
by most CT machines are exported in DICOM (digi-
tal imaging and communications in medicine), a typical 
data presentation used to transmit, exchange, and store 
medical images. As a result, the receiver-specific health 
imaging records used in orthopedics and 3D printing 
procedures are connected through DICOM illustrations.

 Processing of images: enhancing visual data for analysis
The image processing phase necessitates software that 
can create specific images, known as DICOM, to con-
struct the 3D mesh [24]. This is achieved by transfer-
ring the gathered data in DICOM-compliant files to 

commercial or open-source 3D software programs for 3D 
object manufacturing. The MPR technique is employed 
in these programs, which utilize thin axial image slices to 
produce nonaxial 2D images [23].

Additional reconstructed coronal images are needed 
during the imaging procedure to correctly portray com-
plex 3D structures for improved clinical visualization and 
interpretation. When examining skeletal structures and 
joint alignments in limb abnormalities or fractures, the 
detailed information on axial elements may not be readily 
obvious, this technique is very helpful [23]. Another 3D 
simulation method used to produce 3D mesh represen-
tations of the dataset is volume rendering. The DICOM 
pictures are transformed into 3D representations, 
which can then be used for CAD file creation or medi-
cal diagnostic purposes. Scanner factors including CT 
reconstruction methods, slice thickness, and radiation 
magnitude, have an impact on the correctness of 3D ren-
derings [23, 26]. There are several commercial software 
packages used for medical applications, such as ScanIP 
(Synopsys, CA, USA), Research Triangle Park, NC, USA), 
Geomagic Studio (Raindrop Geomagic), Mimics Inno-
vation Suite (Materialise, Leuven, Belgium). In addition, 
there are open-source applications like Meshlab, Slicer, 
and InVesalius [24, 27].

Fig. 1 An overview of the clinical workflow involved in the production of patient-specific orthopedic models and implants, starting from the initial 
stage of image acquisition and concluding with the creation of 3D-printed models and implants [23]
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Segmenting images: partitioning visual data for analysis
The initial step in 3D printing involves segmenting the 
DICOM representations as well as creating an STL-
model. Subsequently, the files of DICOM are imported, 
and the area of interest, usually the bone, needs to be 
extracted from the image data. Segmentation is a tech-
nique that isolates and extracts the regions of interest by 
considering specific density and topography information 
from the image data and removing any unwanted or non-
anatomical data. Thresholding is a widely utilized method 
for separating areas with steady intensity differences from 
the tissues around them. Following segmentation, the 
isolated regions can be used to build 3D models [23, 28]. 
After converting the information to a 3D-CAD suitable 
format of the file, including the intermediary information 
in the STL format, primary processing may start. The 3D 
model quality is strongly correlated with the STL-data 
quality; hence a high-quality 3D model must be created 
from high-quality STL data. The STL files may be utilized 
for 3D printing after both initial and subsequent process-
ing, such as hole correction and noise cancellation. Using 
CAD software, the profiles of structures are divided into 
different polygons, often triangles, to generate a 3D mesh 
model. The resolution of the 3D model is in direct cor-
relation with the number of polygons used, but this can 
also significantly increase the data size and processing 
time [23, 28]. To divide DICOM pictures into STL data, 
utilize medical software like Mimics and 3D Slicer. The 
final 3D model’s correctness may also depend on scan-
ning factors including slice thickness, radiation strength, 
and CT reconstructive techniques [23].

Processing and examination of data
The DICOM may be simply imported to the image-edit-
ing package, where it is transformed into the STL stand-
ard 3D format. Before sending the CAD data to the 3D 
printer to create the item, further modification of the 
STL files, for instance object geometry correction or tri-
angular mesh optimization is not required but is possible. 
If there is some need to modify the shape or form of an 
object, irrespective of how it was constructed, software 
like Autodesk or freeware for instance BRL-CAD (https:/ 
brlcad. org/) or Openscad (https:/ opens cad. org/) can be 
utilized [23, 24, 26].

Fabrication of objects
The crucial step in producing a 3D model is to create the 
STL data, and then the STL files can be imported into 
proprietary applications associated with the commercial 
software or printer for example Fusion 360 with Netfabb® 
and KISSlicer, or ReplicatorG. It is crucial to ensure that 
the final stage package is compatible with the printer that 
is being used. It is important to utilize “G-code” creation 

software to create G-code for the purpose of printing 
the actual 3D model. The STL files used to represent the 
3D model are divided into cross-sectional layers using 
CAD program. The 3D printing method can create the 
3D physical model by sequentially adding layers of mate-
rial. However, each step of the procedure, including STL 
analysis, 3D printer output, G-code data creation, and 
DICOM image segmentation, affects how accurate the 
final 3D model will be [23, 28].

Applications of metal 3D printing in biomedicine
Techniques for additive manufacturing have made it pos-
sible to produce metallic implants with intricate inter-
nal structures and custom-made medical implants built 
for specific individuals, making them very promising for 
use in clinical settings [29]. One such model is the use of 
3D printing to mass-produce highly accurate anatomi-
cal models that orthopedic surgeons can use for surgical 
preparation. Additionally, by creating computer-aided 
design (CAD) models from patients’ magnetic resonance 
imaging (MRI) or X-ray computed tomography (CT) 
images, 3D printing technology may be used to build 
patient-specific implants. As a result, 3D printing pro-
cesses are ideal for producing medical equipment made 
of biometals. The approaches for 3D printing biometals 
that are currently popular are introduced in this section 
(Fig. 2) [30–34].

 Laser‑based metal sintering techniques
SLS (selective laser sintering) was first put out and pat-
ented in 1989 [35]. Liquid-phase sintering is the met-
allurgical mechanism used in this procedure. Powder 
densification is accomplished through liquid-phase 
solidification bonding and solid-phase particle rearrange-
ment. The formation procedure partly melts the powder 
material while keeping its solid phase core [36]. The two 
main components of SLS are generally a powder cylinder 
and a shaping cylinder. The powdering roller evenly dis-
tributes the material powder on the forming cylinder’s 
piston as it rises in the powder cylinder. A computer con-
trols the two-dimensional (2D) scanning path of a laser 
beam according to the prototype slicing model to selec-
tively sinter the substance of solid powder and generate a 
layer of the sample. After each layer has been completed, 
the functioning piston is lowered down one thickness of 
the layer, the new powder is added, and the new layer is 
then laser-scanned. Up until the layers are piled to create 
the required 3D sample, this procedure is repeated. The 
powder does not totally melt because the semisolid liq-
uid-phase sintering mechanism used in the SLS process 
prevents it from doing so. Due to the existence of solid-
phase particles, the component that develops has high 
levels of density and porosity even if the stress caused 

https://brlcad.org/
https://brlcad.org/
https://openscad.org/
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by heat of the forming material is somewhat decreased. 
This might result in process flaws including poor surface 
roughness and low tensile strength. Despite this, SLS 
offers certain benefits, including a broad range of mold-
ing options and a straightforward molding procedure 
(which doesn’t require any support) [37, 38].

Selective laser melting
SLM (selective laser melting) is a concept that has been 
around since 1995 [36] and relies on the same ideas as 
selective laser sintering (SLS). SLM utilizes high-energy 
fiber lasers and precise powder spreading to entirely melt 
powder for fast production of metal components [39]. 
To avoid the metal interacting with other gases that are 
at high temperatures during the SLM process, the cham-
ber is either inert gas- or vacuum-protected. The utiliza-
tion of a greater laser energy density and tighter directing 
point produces functional components with superior 
dimensional precision and roughness of the surface. SLM 
may produce operational metal parts without the need 
for intermediary operations. The parts manufactured by 
SLM have high densities, strong mechanical properties, 
and metallurgically bonded structures without requir-
ing post-processing [40]. SLM does not require specially 
prepared raw materials and may be used using single 
or multi-component materials. SLM can significantly 
decrease production time and lower part cost while 
providing design freedom. SLM lowers material waste 
and may be used to produce a broad variety of materi-
als. The direct production of functional components with 

complex geometries is possible with SLM, which makes 
it the best option for producing singular or low-volume 
parts.

In recent years, selective laser melting (SLM) has 
emerged as a major trend in rapid prototyping research 
[41]. SLM is a versatile technology that is able to print 
a wide range of materials, such as polymers [42], metals 
[43], metal-ceramic mixtures [36], and metal-polymer 
mixtures [44], enabling the creation of near-density metal 
parts in almost any shape [39]. Due to its ability to pro-
duce high-precision, fully metallurgical parts, SLM is fre-
quently used in the medical field to manufacture complex 
implants with excellent biocompatibility [45], femoral 
implants [46], and dental restorations [47]. Medical met-
als, including stainless steel, titanium alloys, nickel-based 
super alloys, and cobalt-based alloys, are commonly 
processed with SLM due to its ability to produce highly 
accurate and surface-finished parts without requiring 
additional processing steps that traditional procedures 
(e.g., machining and casting) may necessitate [36]. SLM 
is also ideal for the fabrication of functional or complex 
gradient structures with precise proportions, which 
makes it well-suited for producing metallic scaffolds and 
implants [48]. SLM 3D printing has thus developed into a 
potent additive manufacturing approach for the produc-
tion of unique, complex bio-metallic devices [49].

 Laser‑assisted metal deposition
Since it was initially introduced in the 1990s, laser 
direct metal deposition (LDMD) has undergone 

Fig. 2 The axial computed tomography (CT) images were obtained from a patient diagnosed with low-grade osteosarcoma that affects 
the sacrum. The areas of interest are indicated by the red arrows [23]
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extensive development all around the world [50]. It 
is also known by different names such as laser rapid 
forming (LRF), laser-engineered net shaping (LENS), 
directed metal deposition (DMD), and so on, but they 
all have the same basic principle. In LDMD, a laser 
beam concentrates on a spot while a nozzle gathers 
metal powder on its operation plane. The powder that 
the laser beams on solidifies, forming a layered entity 

there [51]. In contrast to SLS/SLM, LDMD uses a noz-
zle to distribute the metal powder. It has the benefit of 
producing huge volumes of components and mixing 
several types of metal powder in the nozzle to produce 
certain metal alloys. LDMD can be used to manufac-
ture complete parts and for adding, repairing, and 
coating feature structures. It has the potential to pro-
duce materials with pore- or metal-specific gradients, 

Fig. 4 A A 3D-finite element (FE) model was constructed to simulate a 4 cm tibia defect in sheep. The model incorporated the use of a locking 
compression plate (LCP) for stabilization, along with a Ti-mesh scaffold for augmentation. B A 3D-FE model was constructed to simulate a 4 cm 
tibia defect in sheep. The model incorporated a custom-designed shielding plate, made of half-shell steel, to provide stabilization. Additionally, 
a titanium mesh scaffold was utilized to augment the defect. C Honeycomb scaffolds are constructed using titanium struts of uniform length 
(7 mm) but varying diameters (1.6 and 1.2 mm). The scaffolds are comprised of a cylindrical structure (4 cm in length and 2 cm in diameter) 
accompanied by a hole that traverses the medullary canal with a diameter of 1 cm. D The maximum principal strains observed in the stiff and soft 
scaffolds were stabilized using LCP at top. The maximum principal strains observed in the stiff and soft scaffolds were stabilized using a shielding 
plate at the bottom [106]

(See figure on next page.)

Fig. 3  A step-by-step diagram showing how composite scaffolds are made using extrusion-based 3D printing [80]
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Fig. 4 (See legend on previous page.)



Page 8 of 24Liang et al. Journal of Biological Engineering           (2023) 17:56 

such as shape memory alloys, stainless steels, and 
titanium alloys, which are more flexible geometrically 
than materials printed using other methods [52]. For 
instance, employing LENS for load-bearing bone, Xue 
et  al. [53] developed net form porous titanium [54]. 
The mechanical parameters of the porous titanium 
implant were more similar to those of natural bones in 
comparison to dense titanium, with a Young’s modu-
lus range of 2.6 to 44 GPa and mechanical strength of 

24 to 463  MPa. Enhanced cell proliferation and adhe-
sion were seen in in-vitro tests, with an ideal hole size 
of more than 200 μm. The interconnected pores in the 
porous Ti6Al4V alloy samples dramatically raised the 
content of calcium within the implant in male Sprague-
Dawley rats for a period of sixteen weeks, showing that 
biological tissue might develop inside the implant. This 
study also shown that the overall number of holes in the  
implant is a significant determinant of tissue ingrowth [55].

Fig. 5 Debinding, sintering, infiltrating, and leaching are the steps involved in 3D printing a NaCl)-based paste onto a porous Mg alloy scaffold. a 
The paste’s chemical composition, including the surfactants SDS and AOT. To facilitate direct ink writing (DIW) printing, sulfonated surfactants are 
used to fine-tune the interactions among the NaCl granules in the paraffin oil. b DIW can 3D print the optimized NaCl paste. In order to infiltrate Mg 
melt into the printed green body, first the paraffin oil must be removed, and then the body must be calcined and sintered to produce a pure NaCl 
template. The Mg scaffold takes on the salt template’s structural porosity once the NaCl is leached away. c Macrophotographs of finished structures, 
depicting each stage of the procedure shown in (b) [136]



Page 9 of 24Liang et al. Journal of Biological Engineering           (2023) 17:56  

Fig. 6 a The structural arrangement of porous Fe-30Mn biodegradable scaffolds; (b) macro and micro structures of porous Fe-30Mn biodegradable 
scaffolds (Groups A-D) fabricated via SLM with a cuboid geometry and a cylindrical geometry (base diameter of 6 mm and height of 10 mm);  
(c) yield strength, porosity levels, and elastic modulus values of Groups A-D [147]
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LDMD has a precision above 1  mm because of the 
large laser focusing spot. A dense metal product with 
metallurgical bonding may be produced, but further 
machining is needed before it can be used because of its 
unsatisfactory dimensional precision and surface polish. 
The deposited material experiences several complicated 
thermal cycling procedures at various locations using 
the layer-additive technique used by LDMD, including 
melting and numerous reheating cycles at lower tem-
peratures. It is challenging to manage the structure and 
composition required for desired components due to the 
numerous phase transitions and microstructural changes 
caused by this thermal behavior. Despite the tiny laser 
beam quickly creating a molten pool, this causes melt-
ing instability and accelerates solidification. The LDMD-
shaped pieces may distort or break as a result of the 
complicated residual stresses produced by the rapid tem-
perature variations that occur during solidification. The 
two main disadvantages of LDMD technology are the 
inability to regulate composition and microstructure as 
well as the production of residual stress [56].

The 3D printing technology that employs high-energy 
laser sources to melt and fuse metal materials (pow-
der, wire) into layers can produce metallic parts with 
mechanical properties comparable to those manufac-
tured by traditional methods. However, the fast heating 
and cooling of the materials caused by the step-by-step 
scanning and stacking of the electron or laser beams cre-
ates a significant temperature gradient and leads to the 
uneven dispersion of complicated residual stresses. These 
residual stresses can cause deformation and cracking of 
metal parts, and negatively affect their mechanical prop-
erties and corrosion resistance [30]. There are a number 
of methods that may be used to lessen or remove these 
residual tensions [57]: During the design phase, (a) care-
ful consideration should be given to minimizing residual 
stress; (b) laser scanning mode should be modified by 
revolving the scanning vector to one processing layer to 
the following to prevent concentration of pressure on the 
similar path; (c) uninterrupted sintering and broad area 
should be avoided; and (d) the powder bed should be 
heated before the part is annealed to remove stress.

Fig. 7 Morphological structures of the porous Zn scaffolds prepared by AM technique [160]
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 Focused electron beam melting
Using high-energy electron beams, SEBM rapidly manu-
factures 3D samples by heating and melting metal par-
ticles in precise patterns. To form a 3D part, a layer of 
powder is first spread on a surface, followed by selective 
heating of the metal powder according to the 3D CAD file 
information. A magnetically guided electron beam helps 
the molten powder form layer-by-layer connections with 
the component below. The extra powder is then removed 
to produce the required 3D sample [58]. The impacts of 
process variables such as scanning mode, acceleration 
voltage, powder thickness, action time, focusing cur-
rent, and electron beam current are now the subject of 
research [59]. In SEBM, the metal powder is melted 
using a high-energy electron beam, and the beam is con-
trolled by a magnetic deflection coil without the need 
for mechanical inertia. During melting or sintering, the 
metal powder cannot oxidize due to the vacuum atmos-
phere. The electron beam has several advantages over 
lasers, such as maintenance costs, better stability, low 
operational, outstanding material absorption, and great 
energy utilization. Comparing other techniques, SEBM 
has lesser part distortion, higher efficiency, denser micro-
structure formation, and does not require molding sup-
port. A magnetic field is used to regulate the focus and 
deflection length of the electron beam, making it quicker 
and more sensitive. This is done by adjusting the electri-
cal signal strength as well as direction. High dimensional 
precision and intricate design for the molded object 
are difficult to accomplish, nevertheless, since electron 
beams are unable to focus on a small location [60].

In biometallic devices like acetabular cups, intramedul-
lary rods, and femoral knee implants with exterior porous 
mesh structure areas, SEBM is a common 3D printing 
technique [61]. However, owing to SEBM characteris-
tics such component orientation, beam flow, and powder 
size which provide a difficulty for applying this approach 
in orthopedic implants, it is challenging to optimize the 
surface finishing of implants [62].

The printing procedure can be quite costly due to the 
high expenses associated with metal devices and powder, 
which can amount to lots of dollars. As the demand for 
metal 3D printing in manufacturing continues to rise, 
more resources and scientific research are being allo-
cated to improve the technology and make it more cost-
effective. Several new methods are being developed that 
hold significant potential to reduce costs and encourage 
new notions for manufacturing, although they are not yet 
available for commercial use.

 Laser‑based Forward transfer
Metal printing is often restricted to substances with 
lesser melting points, making the 3D printing of metals 

including copper or gold challenging or expensive. To 
solve this problem, a technique known as LIFT was 
recently created [63]. A thin covering of metal material 
known as a “donor film” is used in LIFT, a direct printing 
technique that differs from traditional metal 3D print-
ing processes. A liquid droplet is ejected onto a trans-
parent substrate known as the “receiver” when a pulsed 
laser targets it on the donor film, causing a thermal pres-
sure wave or evaporation [64]. This technique has been 
applied successfully to print metals such as chromium, 
gold, titanium, nickel, and aluminum [65, 66]. However, 
thick metal printing by LIFT faces challenges in achiev-
ing good adhesion between stacked droplets, resulting in 
low aspect ratio pillars, sphere-like shapes, and reduced 
contact surface between subsequent layers. Due to the 
decreased layer-by-layer deposition accuracy, it is dif-
ficult to create massive 3D constructions and overhang 
[67]. Sacrificial support materials may be required to 
overcome these limitations. LIFT has been used to fab-
ricate biosensors, and recent advancements have dem-
onstrated the ability to print objects of small-scale with 
an alloy of silver/copper [68]. The lateral dimensions of 
the reported range of LIFT in the micrometer scale, with 
the smallest size being nearly 3 μm [69]. Copper and gold 
were used as the primary building blocks in recent tests 
to print a 3D tower that was 2 mm high and 5 μm in cir-
cumference. Low-energy lasers were also used to create 
disc-like droplets, which improved layers stacking [70].

 Additive manufacturing via atomic diffusion
A new 3D printing method called ADAM has recently 
been developed for layer-by-layer printing of metal-pow-
ders encased in plastic binders [71]. After printing, the 
plastic binder is detached in a sintering-furnace, leaving 
behind high-density (95–99%) metal powder. The issue 
of poor interlayer strength seen in previous 3D print-
ing procedures is effectively resolved by the simultane-
ous sintering of the whole component, which encourages 
the formation of metal crystals via the adhesive layer. 
In addition, the ADAM printer is capable of producing 
geometric proportions that are not possible with con-
ventional techniques of metal 3D printing. Its maximal 
printing size is 250 millimeters by 220 millimeters by 200 
millimeters. Additionally, it provides cloud-based online 
process laser detection that enables customers to keep 
an eye on each printing layer. The printer has a remote 
cloud-based access metal material handling system. The 
printer can 3D-print 303 and 17 − 4 stainless steel, how-
ever, its compatibility with A-2, Ti6Al4V, and D-2 steels 
is currently being examined. The advantages of ADAM 
over conventional metal 3D printing methods are numer-
ous. It generates high-quality part surfaces requiring 
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post-treatment, builds accurate and complicated struc-
tures, has good isotropic performance, is 100 times faster 
than conventional machining, costs one-tenth as much 
as conventional metal 3D printing, and is best suited for 
batch production.

 Nanoparticle‑based jetting
A new metal 3D printing technique called nanoparticle 
jetting (NPJ) was released in 2016. It differs from tra-
ditional metal 3D printing in that it uses liquid ink to 
enclose metal powder particles instead of using metal 
powder particles [72]. Large metal pieces are broken 
down into nanoparticles as well as embedded in a binder 
to make the ink, which results in consistent ink [72]. The 
ink’s metal particles are disseminated and suspended in 
the ink, which is then expelled via a nozzle to produce 
a layer-by-layer print. This ink-based approach smooths 
the entire product, which is beneficial. The printing pro-
cess uses a standard inkjet printhead as the deposition 
tool. Following the printing process, any surplus binder 
in the chamber will evaporate as a result of the heating, 
and the metal component will be all that is left. The pre-
cision of this process is around 1 micrometer (m), and the 
forming temperature is approximately 300 °C. Because it 
is able to drop 221  million droplets of ink each second, 
the NPJ printing process is five times quicker than stand-
ard laser printing. The use of NPJ results in cost savings, 
reduced material waste, and the ability to make virtu-
ally any complicated form. The components have a high 
level of accuracy and surface quality, and the working 
processes have been made easier and safer. However, its 
temperature tolerance is lower compared to conventional 
metal 3D printing, which remains its main disadvan-
tage. Overall, NPJ is a simple and clean method that does 
not require designing and removing composite support 
structures [71].

 Binder jetting technology/inkjet 3D‑printing
Governed by a CAD file, a precise water jet is printed 
onto a metallic powder bed in layers by an ink cartridge 
[73]. The required mechanical strength is subsequently 
achieved by sintering the printed metal components in a 
furnace. This method is unable to use a laser or an elec-
tron beam for melting the metallic particles, in contrast 
to other 3D metal printing processes. The inexpensive  
cost of the equipment and the thermally regulated  
sintering process are the key benefits of inkjet 3DP. Even 
though Inkjet 3DP is less precise than SLM, SEBM, and 
LENS, its ability to fabricate bio-metallic devices quickly 
and at low cost makes it appropriate for biomedical 
applications [74].

 Extrusion‑based 3D printing
Extrusion-based 3D printing has gained prominence as 
a promising printing technique due to its widespread 
acceptance, user-friendly nature, ability to accurately 
print intricate geometries through CAD, and utilization 
of various solidification techniques. However, it should 
be noted that this method requires the use of materi-
als possessing specific printability qualities [75, 76]. 
The adoption of this printing method is comparatively 
more cost-effective and potentially less challenging as 
compared to the aforementioned alternative printing 
methods. Furthermore, the fabrication and geometri-
cal parameters can be readily adjusted in order to meet 
the scaffold specifications of the user, such as achieving 
a high modulus and ensuring structural integrity, among 
others. An example of this is the utilization of cylindrical 
fibers in layer-by-layer fabrication, which offers enhanced 
structural integrity in comparison to alternative 3D print-
ing methods such as droplet or inkjet-based fabrication. 
The complexity of tissue replication or structural support 
necessitates the utilization of multiple materials, leading 
to the need for multi-material extrusion [77, 78]. Multi-
component systems have the capacity to readily generate 
interfacial tissues in various biological structures such as 
organogenesis, vasculature, muscle, and bone.

The use of extrusion-based 3D printing, coupled with 
subsequent debinding and sintering processes, presents 
a robust methodology for the production of porous scaf-
folds. This technique proves particularly advantageous in 
cases where the materials involved pose significant dif-
ficulties when subjected to alternative additive manufac-
turing methods. The fabrication of porous iron scaffolds 
featuring a lay-down pattern was effectively achieved 
through the use of extrusion-based 3D printing. These 
scaffolds possess improved biodegradability and exhibit 
mechanical properties that closely resemble those of 
natural bone. Consequently, they hold great promise for 
utilization as bone substitutes [78]. Putra et al. employed 
extrusion-based 3D printing methodologies to manufac-
ture biodegradable Fe-Mg scaffolds. These scaffolds were 
characterized by non-ferromagnetic properties and dem-
onstrated improved rates of biodegradation [79]. These 
scaffolds effectively resolved the primary constraints 
associated with biodegradable scaffolds, such as their 
low biodegradability and lack of compatibility with mag-
netic resonance imaging. Dong et  al. recently reported 
an extrusion-based additive manufacturing methodology 
for the production of biodegradable Mg-Zn/bioceramic 
composite scaffolds. These scaffolds hold promise for 
addressing femoral nonunion accompanied by significant 
segmental bone defects  (Fig.  3) [80]. The biodegrada-
tion kinetics of Mg-matrix composites were modulated 
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by the incorporation of bioceramic particles into the 
Mg-matrix. The Mg-matrix composites demonstrated 
enhanced cytocompatibility and mechanical properties 
in comparison to conventional magnesium alloys.

Suitable materials for 3D printing
Currently, many investigations are underway to cre-
ate fresh biomaterials suitable for 3D printing [25]. The 
term “biomaterials” describes compounds of organic or 
synthetic origin that are integrated with tissue from life 
to sustain, replace, or regenerate organs or tissues. The 
biomaterial which is employed for 3D printing is affected 
by the final object’s intended usage [81]. For instance, a 
biological material used in orthopedic 3D printing has 
to be efficiently printable, have high biocompatibility, 
be subject to controlled biodegradation, have useable 
mechanical properties, and possess a designed effectively 
architecture [81, 82]. The substance must be sterilizable 
for surgical uses [23]. Despite the fact that 3D printing 
has been effective in a number of medical applications, 
there are now only a few materials that can be used for 
3D printing. In 3D printing for orthopedic applications, 
the most commonly used biocompatible and implantable 
materials are ultra-high-molecular-weight polyethylene 
(UHMWPE), polyetheretherketone (PEEK), ceramics, 
stainless-steel (SS) alloy, cobalt–chrome (CoCr) alloy, 
and Titanium (Ti6Al4V) alloy, [25]. Biomaterials used in 
3D printing may be loosely categorized into four types 
based on their chemical makeup [81].

Advanced ceramic and glass materials
Due to their possible osteoinductive and osteoconduc-
tive qualities, high stiffness, and resemblance to the 
mineral phase of bones, bioceramics have recently been 
used for building 3D-printed implants [4, 83]. Calcium 
hydroxyapatites (HA), a component of calcium-phos-
phate ceramics (CaP ceramics), are artificial materials 
with a structure resembling the natural bone matrix. 
Common CaP ceramics utilized in bone repair include 
HA, TCP, and BCP [84]. In the first two weeks following 
implantation, bioactive glasses, also known as bioglasses, 
are ceramics composed of synthetic silicates that are 
swiftly resorbed, allowing for speedy bone development 
and implant ingrowth. In spite of the fact that bioactive 
glasses and CaP ceramics are utilized in the production 
of 3D-printed scaffolds, the materials’ restricted mechan-
ical qualities, such as poor fracture-toughness as well 
as tensile strength, prevent these materials from being 
used in load-bearing applications. Even though bioactive 
glasses and to get around this drawback, bioceramics are 
combined with polymers such as PCL, poly (D, L-lac-
tic acid-co-glycolic acid), or cellulose, they are mixed 
with specialized reinforcing materials such as carbon 

nanotubes, graphene, polyethylene, Al2O3, and TiO2 to 
produce ceramic composites with increased mechanical 
strengths [83]. Because of their high biocompatibility and 
osteogenesis qualities [85], graphene and its derivatives 
have the potential to make significant contributions to 
the field of material research. The biological and osteo-
genic features of graphene-based scaffolds populated 
in vitro with canine adipose-derived mesenchymal stem 
cells (cAD-MSCs) were investigated by a research team. 
According to the findings, carbon may enhance cADMSC 
cell adhesion, proliferation, and osteogenic differentiation 
and the graphene-based scaffold is extremely biocompat-
ible. In the field of veterinary medicine, novel materials 
for bone tissue engineering have been suggested, and one 
such material is scaffolds based on graphene [4]. Ceram-
ics are also utilized to improve osteo-integration between 
bone tissues and implants and to limit the micromotion 
that occurs between implants and bone. This is done 
by reducing the amount of micromotion that occurs. 
Ceramic femoral heads are not yet utilized in the pro-
duction of veterinary hip implants; nonetheless, femoral 
head coating through diamond-like carbon was utilized 
in the production of the most recent generation of the 
Zurich cementless hip [86].

Advanced polymer materials for 3D printing
In the production of 3D-printed bone substitutes, the use 
of polymers is a common practice because of their poten-
tial application as filaments for fused deposition mod-
eling (FDM), solutions for stereolithography apparatus 
(SLA), powder beads for selective laser sintering (SLS), 
and gels for direct ink writing (DIW) [87]. This is because 
polymers can be used in any one of these capacities. PDL, 
PLA, PGA, or their copolymers, as well as PLGA are the 
biodegradable polymers that may be utilized in the 3D 
printing process [87]. 3D printing frequently makes use 
of PCL, which is not only an FDA-approved biodegrad-
able polymer but also a polymer that can be broken down 
naturally. Because of its high level of biocompatibility, 
low rate of degradation, and satisfactory mechanical 
qualities, PCL is the material of choice for the production 
of 3D-printed bone scaffolds [5, 88]. The thermoplastic 
polymer known as high-density polyethylene, or HDPE 
for short, is a material that finds widespread application 
in biomedical engineering since it possesses favorable 
mechanical and thermal characteristics. Polyethylene 
is used as bearing surfaces for veterinary total hip pros-
theses [88]. UHMWPE is the type of polyethylene that 
is utilized in veterinary joint replacements the most, as 
well as the type that was initially employed [86]. Sig-
nificant shifts have occurred in the selection of materi-
als used in human THR surgery [88], including a move 
away from HDPE and toward UHMWPE. In addition, 
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receiver-specific surgical guides, equipment, and pros-
thesis may be fabricated out of thermoplastic polymers 
like PLA and acrylonitrile butadiene styrene (ABS). These 
thermoplastic polymers can be utilized to create 3D 
models of limbs as well. In addition, polyamides are well-
known for the stability, stiffness, flexibility, and shock-
resistance qualities that they possess. Recent research has 
demonstrated that polyamides and HA, when coupled, 
may be utilized to make porous scaffolds for bone regen-
eration [89]. These scaffolds have significant load-bearing 
capabilities and can be used to build porous scaffolds.

Due to its outstanding elasticity, tunable mechan-
ics, biodegradability, and biocompatibility, 3D-printed 
hydrogel scaffolds display a substantial amount of poten-
tial in the creation of tailored scaffolds for BTE at pre-
sent. Hydrogel and bioinks are generally printed through 
laser-assisted bioprinting, inkjet, and extrusion 3D 
printing methods. Due to its outstanding elasticity, tun-
able mechanics, biodegradability, and biocompatibil-
ity, 3D-printed hydrogel scaffolds display a substantial 
amount of potential in the creation of tailored scaffolds 
for BTE today. Earlier research has indicated that the 
cell viability from extrusion-based bioprinting can reach 
98% [90]. Dynamic structure hydrogels may enhance the 
healing efficiency of polymers at the molecular level to 
minimize cell damage in the course of extrusion print-
ing. The degree to which such structures can mend 
themselves or the number of times in a row that they are 
able to do so are the two characteristics that define their 
level of self-repair performance. Direct ink writing, often 
known as DIW, is widely regarded as the technique that 
is employed the most frequently to develop self-healing 
intelligent frameworks [91].

 Advanced composite materials for 3D printing
Composites are a type of artificial material created by 
combining two or more elements with different physi-
cal characteristics to achieve synergistic properties. The 
diverse structure of composites allows them to maintain 
proper mechanical properties while being highly biocom-
patible, which makes them useful for 3D printing bone 
replacements [83]. Some composite materials that have 
been investigated for this purpose include PCL/PLGA/
TCP, PLGA/TCP/HA, and PCL/TCP. For instance, PCL 
has been combined with beta-TCP, a compound that, in 
addition to becoming more osteoconductive and biode-
gradable, is also capable of releasing calcium and promot-
ing bone formation. PCL/-TCP has a stronger capacity 
to induce bone formation, stimulate the regeneration of 
bone, and substitute bone than PCL on its own [92]. For 
the purpose of promoting osteogenesis in a rabbit model, 
PLA/n-HA composite scaffolds with varied percent-
ages of n-HA were utilized. The results revealed that the 

PLA/15% n-HA composite scaffold retained its biological 
activity as well as suitable mechanical qualities in the rab-
bit model defect [93]. The low elastic modulus of poly-
mers makes it appear as though it might be possible to 
create prosthetic devices solely from them; nevertheless, 
their poor strength makes this approach inappropriate.  
It is not uncommon for metallic prosthetic limbs to fall 
short of surface compatibility criteria. Because of this, 
a significant number of contemporary limb prosthesis  
are fabricated from polymer-based composites, that 
have great strength-to-weight ratios and are highly  
biocompatible [87].

Biomedical metal fabrication using 3D printing
3D printing technology has the potential to revolutionize 
the medical industry by offering faster, more cost-effec-
tive, and more efficient solutions for medical treatments. 
This technology, combined with imaging and scanning 
methods such as ultrasonic tests, CT, and MRI, enables 
mass production and customized fabrication of medical 
devices. As a result, the applications of 3D printing tech-
nology in the medical field are constantly expanding. In 
fact, some 3D-printed medical devices have already been 
granted market licenses by the US FDA, indicating the 
growing acceptance and adoption of this technology in 
the medical industry.

This section outlines various practical uses of biom-
etals made possible through 3D printing technology. 
Additionally, current studies on the creation of novel bio-
degradable metals using 3D printing techniques are also 
discussed.

 Titanium‑based alloys
Since the 1970s, titanium and titanium alloys have been 
extensively utilized in the field of biomedical implant 
materials. This is primarily attributed to their excep-
tional resistance to corrosion, biocompatibility, and high 
strength-to-weight ratio [94, 95]. Titanium alloys pos-
sess exceptional resistance to corrosion, rendering them 
highly suitable for various biomedical applications. These 
applications encompass a range of uses in the field of bio-
medicine, such as bone plates and screws, orthopedic 
and dental implants, synthetic joints, heart valve prosthe-
ses, pacemakers, and cornea backplates [96]. Ti-64 and 
CP-Ti are currently regarded as the most preferred met-
als for use in medical settings. These metals are employed 
in approximately 90% of all conventional orthopedic 
implants.

In comparison to bone tissue, dense metal implants 
exhibit higher density as well as greater stiffness and elas-
tic modulus of elasticity [97]. The utilization of implants 
may potentially lead to the occurrence of stress shield-
ing. The utilization of 3D printing technology has the 
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potential to produce biodegradable implants that pos-
sess a porous structure, which assists in the reduction 
of stress shielding effects commonly associated with 
implants. The elastic modulus of a metal prosthesis can 
be altered by utilizing 3D printing techniques to fabricate 
porous titanium alloy implants that possess differentiated 
pores, varying gradient apertures, and three-dimensional 
penetration within the pores [98]. The utilization of 3D 
printing technology enables the fabrication of custom-
ized titanium alloy implants that can effectively conform 
to an individual’s anatomical structure. This is especially 
advantageous due to the corrosion resistance, exceptional 
biocompatibility, and enhanced strength-to-weight ratios 
exhibited by titanium and its alloys, rendering them suit-
able for various biomedical purposes [99]. Consequently, 
there is a growing expectation regarding the forthcom-
ing surge in demand for 3D printing employing titanium. 
Currently, the most commonly employed 3D printing 
processes for titanium alloys are SLM (Selective Laser 
Melting) and EBM (Electron Beam Melting) [72]. Clinical 
histology experiments have demonstrated that the osse-
ointegration rate of traditional implants is comparatively 
slower when compared to 3D-printed implants [100, 101].

The SLM molding process was examined by Hollander 
et al. [102] using Ti6Al4V powder. They discovered that a 
titanium alloy vertebra formed using SLM had acceptable 
biocompatibility, which makes it ideal for substituting 
biological components. Various studies have also shown 
that the biocompatibility of implants of titanium alloy 
fabricated using EBM or SLM is acceptable [103, 104]. 
For instance, Palmquist et  al. [105] assessed the osseo-
integration of solid Ti6Al4V implants and EBM-printed 
porous, in disk and cylindrical forms. These implants 
were placed bilaterally in the subcutaneous of the dor-
sum in the femur of sheep. The research showed both 
the solid and porous implants were properly osseointe-
grated after a 26-week implantation period. The porous 
implants had an elevated contact rate of bone of up to 
57%, which was the highest among the porous implants. 
In addition, Pobloth et  al. produced two mechanically 
distinct titanium-mesh scaffolds having honeycomb-like 
patterns by 3D printing using a laser sintering method 
(Fig.  4) [106]. They subsequently implanted these scaf-
folds into sheep tibia in order to evaluate the influence 
that they had on the endogenous bone defect healing. 
In addition to the findings of this research, several suc-
cessful operations with 3D-printed implants made of 
titanium have been carried out in recent years. Accord-
ing to these statistics, tailored medical implants reduce 
the amount of time spent in hospitals and during surgical 
procedures, which in turn lowers overall medical expen-
ditures. For instance, in 2011, the first therapeutic trans-
plant procedure was conducted utilizing a client-specific 

jaw implant manufactured by a 3D printer for a female 
patient who was 83 years old [107]. This operation was 
performed on a patient who was also the first person to 
use a 3D printer. The lower jaw of patient was suffering 
from chronic bone infection, and given her age, recon-
structive surgery was considered a risky procedure. 
However, using 3D printing processes made it possible 
to create a titanium jaw implant in just one day, with less 
weight and a quicker surgical installation time than con-
ventional mandible implants.

 Tantalum‑based alloys
Since the 1940s, Tantalum (Ta) has been a popular choice 
for the applications of orthopedic and dental, such as vas-
cular clips, cranial-defect repair, nerve repair, and bone 
markers, due to its good chemical stability and excel-
lent biocompatibility [108]. However, in the past, the use 
of Ta was restricted due to its high production cost and 
the complexity associated with the fabrication of modu-
lar implants utilizing Ta [109]. Today, porous tantalum 
implants have been produced for osteogenesis applica-
tions, such as bone graft replacements, and surgery has 
made extensive use of tantalum-based knee, hip, and spi-
nal prostheses [110]. Clinical reports on porous tantalum 
implants, such as spinal implants, tibial, and acetabular 
cups, have demonstrated their usefulness in a variety of 
clinical settings [111]. New manufacturing processes 
including LENS, SLM, and spark plasma sintering have 
been utilized to produce porous and solid tantalum com-
ponents [112]. For instance, Balla et  al. [109] effectively 
coated Ta on Ti via LENS, and the osseointegration char-
acteristics of the Ti surface were greatly enhanced as a 
result of the Ta coating. They also generated Ta porous 
materials using LENS with varied porosity and Young’s 
modulus by altering the porosity from 27 to 55%. These 
structures ranged from having a porosity of 27% to hav-
ing a porosity of 55%.

In 2017, a male patient who was 84 years old under-
went the first successful operation to repair a severely 
defective knee joint utilizing an artificial joint cushion 
of 3D-printed tantalum. The procedure was performed 
on a patient in the United States. This was a significant 
achievement as it was the first-time tantalum had been 
used in a clinical implant. The shape, density, and defects 
of the patient’s knee joint were analyzed using a 3D CT 
scan, and a personalized Ta cushion was made up using 
3D printing. Because the geometry of bone abnormalities 
might vary from patient to patient, standardized metal 
pads are not always capable of correctly reconstructing 
bone structures for every single patient. Titanium is now 
the material of choice for the majority of 3D-printed joint 
pads; however, tantalum is superior in terms of biocom-
patibility and supports improved bone ingrowth, which 
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makes it a better option for implants. Nevertheless, one 
significant issue with Ta is its high melting point, which 
makes it challenging to work with using most 3D printing 
equipment. Using SLM, a customized 3D-printed tanta-
lum pad was created in order to solve this issue [109].

 Alloys of cobalt and chromium
The elements cobalt and chromium are the primary con-
stituents of the super alloys known as cobalt-chromium 
alloys. These alloys have remarkable mechanical qualities 
in addition to high resistance to corrosion [113]. Because 
of their high strength, high-heat resistance, more effec-
tive durability against wear, and biocompatibility, Co-Cr 
alloys are frequently employed as load-bearing implants 
[114]. Although they were first developed for use in artifi-
cial joints, dentists and oral surgeons today often employ 
them in a variety of other applications [115]. The use of 
3D-printed Co-Cr alloy porcelain teeth is the top option 
for non-precious metal porcelain devices [116]. This is 
because these teeth do not include potentially toxic com-
ponents such as nickel and antimony.

Nevertheless, even though CoCr alloys are consid-
ered ideal for load-bearing implants, they may encoun-
ter problems with wear and corrosion when implanted 
into the human body. This can lead to a loss of implant 
material and the release of metal ions, which may result 
in various medical complications. To address this issue, 
Sahasrabudhe et al. [117] discovered that adding CaP to 
alloys of CoCrMo can decrease the wear rate. They man-
ufactured CoCrMo alloys containing 3% CaP by using 
LENS 3D printing, and they discovered the sample wear 
rate was only one-third of what it would have been if 
they had used pure CoCrMo alloys instead. In addition, 
the  Co2+ and  Cr2+ release was decreased to a level that is 
four times lower than that of pure CoCrMo alloys that do 
not contain CaP.

 Partially degradable implant material
Metallic materials, including cobalt-based alloys, stain-
less steels, and Ti alloys, possess several advantageous 
properties for bone implants. These properties include 
favorable machinability, resistance to fatigue, and high 
fracture toughness [118]. However, it should be taken into 
account that these materials are not biodegradable within 
the human body and possess Young’s moduli that exceed 
those of human bone. The phenomenon described can 
potentially lead to stress shielding, resulting in fractures, 
loosening, and bone atrophy [119]. In order to tackle this 
matter, it is possible to manipulate or introduce porosity 
to materials, thereby facilitating a durable and consist-
ent fixation over an extended period. This is achieved by 
enabling bone growth into the pores and establishing a 
mechanical connection between the implant and the 

bone [120]. Biodegradable metals, including alloys based 
on magnesium, calcium, iron, and zinc, possess bioac-
tive properties and can undergo complete degradation 
within the human body. These metallic implant materi-
als provide both biological functionality and mechanical 
support. These materials possess low Young’s moduli, 
comparable to bone, rendering them advantageous in 
mitigating the adverse effects of stress shielding. One 
potential approach to integrating the beneficial proper-
ties of nondegradable and degradable implant materials 
is through the development of composites comprising 
these elements. For example, Ti has been identified as 
a potentially suitable reinforcement phase for magne-
sium in biomedical applications due to two main rea-
sons. Firstly, Ti and its alloys demonstrate high specific 
strength, indicating a favorable strength-to-density ratio 
[121]. Additionally, Ti exhibits good biocompatibility and 
corrosion resistance, making it a desirable choice among 
nondegradable implant materials. Secondly, even at ele-
vated temperatures surpassing the melting point of Mg, 
Ti does not readily form solid solutions or intermetallic 
compounds when in contact with Mg [122].

In the setting of orthopaedic implant applications, a 
partially degradable Mg-Ti composite with enhanced 
compression properties has been successfully developed 
through the use of ink jet 3D printing and capillary-
mediated pressure-less infiltration techniques [123]. The 
composite material exhibits a low modulus and a high 
ultimate compressive strength, which are comparable 
to those of human cortical bone. The corrosion rates for 
porous Ti are considered to be insignificant, while for 
Mg-Ti composites, they are less than 1 mm per year. The 
composite material demonstrated a significant enhance-
ment in the proliferation rate of SAOS-2 osteoblastic 
bone cells, accompanied by a minimal level of cytotox-
icity. Dou et  al. developed an Mg-Ti composite through 
the process of pressure-less infiltration, where pure Mg 
melt was infused into a 3D printed Ti-scaffold [124]. 
The composite’s topologically bi-continuous architec-
ture offers higher strengths and lower Young’s modulus 
compared to dense Ti. The potential degradation of the 
Mg phase has the capacity to stimulate the formation 
of bone tissue, thereby facilitating the establishment of 
a mechanical interlocking mechanism between the Ti-
scaffold and the bone. Despite the occurrence of accel-
erated corrosion, the composite material continues to 
exhibit non-cytotoxic properties and does not elicit any 
adverse reactions following its implantation. Liu et  al. 
have successfully developed Mg-composites that exhibit 
structures resembling fish scales, specifically the dou-
ble-Bouligand and orthogonal plywood architectures 
[125]. The fabrication process involved the pressure-less 
infiltration of a Mg melt into Ti-fibres. The composites 
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exhibit improved mechanical strength and work-hard-
ening capabilities, owing to the presence of a double-
Bouligand architecture that effectively redirects crack 
propagation and enables the Ti-fibres to adaptively reori-
ent. Zhang et al. reported the synthesize of Mg-Ti com-
posites through the process of pressure-less infiltration, 
wherein a pure Mg melt was introduced into 3D-printed 
Ti-6Al-4 V scaffolds [126]. The final product yielded com-
posite materials that featured a continuous arrangement 
of constituents, mutually interpenetrating in 3D-space, 
and emphasizing distinct spatial configurations similar 
to bioinspired Bouligand, brick-and-mortar, and crossed-
lamellar architectures. These architectural designs facili-
tate efficient stress transmission, distribute damage over 
a wider area, and halt the propagation of cracks, thereby 
conferring enhanced ductility and strength compared to 
composites featuring separate reinforcements. Moreover, 
these materials exhibit the activation of various extrinsic 
hardening mechanisms, such as crack twist/deflection 
and uncracked-ligament bridging. These mechanisms 
effectively shield the crack-tip from the applied stress, 
resulting in the formation of “Γ”-shaped rising fracture 
resistance R-curves.

 Biodegradable metal in 3D printing
 Magnesium alloys
The implants used in orthopedic surgeries worldwide are 
predominantly composed of titanium alloys and stainless 
steels, which are not biodegradable and demand a second 
procedure for removal or adjustment. The application 
of inert biometals may also result in the occurrence of 
long-term complications. In order to address this issue, 
the implementation of biodegradable biometals has been 
deemed necessary, with magnesium alloys emerging as 
a viable and promising alternative. The incorporation 
of magnesium alloys in implants frequently eliminates 
the need for a subsequent operation [127, 128]. Fur-
thermore, their biomechanical compatibility surpasses 
that of titanium alloys or stainless steel, as they possess 
a density comparable to human bone, resulting in mini-
mal discomfort [129]. The human body has the ability 
to absorb magnesium and subsequently release it in the 
form of magnesium ions. These ions play a crucial role in 
promoting the proliferation and differentiation of osteo-
blasts, thereby facilitating the process of bone formation 
and repair [130]. The use of magnesium alloys has been 
observed in the context of cardiovascular stents as well 
as orthopedic medical devices such as bone plates and 
screws. The inherent flammability of magnesium alloys 
poses challenges in their treatment through laser powder 
bed fusion. However, there is a growing demand for addi-
tively manufactured components made from magnesium 
alloys. Several studies have been conducted to examine 

the impact of the parameters of the selective laser melt-
ing (SLM) process and the characteristics of magnesium 
powder on the densification, metallurgical properties, 
and microstructural defects of magnesium components 
produced through SLM [131, 132].

Li et  al. [133] utilized a 3D printing technique that 
operates at low temperatures to produce a magnesium-
containing degradable polymer that can be used for bone 
repair. They integrated magnesium, which has angiogenic 
and osteogenic properties, consistently into a PLGA/
TCP biodegradable porous scaffold. The PLGA/TCP/Mg 
physical structure can be regulated by 3D printing, which 
includes the concentration and arranged distribution of 
magnesium and tricalcium phosphate metal. This makes 
it possible to create an optimum structure for the pro-
duction of bone, one that has pores that are linked to one 
another and that improve tissue development, migration, 
proliferation, and bone cell-adhesion. Additionally, the 
microscopic framework may be modified to correspond 
with the form and size of the injured region in patients, 
which enables individualized restoration. This opens 
the door to the possibility of regenerative medicine. 
This biocompatible, bioactive, and strong-yet-degrada-
ble polymer bone repair material contains magnesium 
and is compatible with cancellous bone. Other desir-
able characteristics include high biocompatibility and 
biological activity. It also substantially boosts the body’s 
natural ability to regenerate and create new blood ves-
sels around the implant. Furthermore, inkjet 3D printing 
technology was applied to create a newberyite  (MgHPO4. 
 3H2O) and struvite  (MgNH4PO4.  6H2O) matrix. This was 
accomplished by way of a hydraulic establishing reaction 
involving binder liquid and  Mg3(PO4)2 powder, which 
consisted of either 20%  H3PO4, 0.5  M  (NH4)2HPO4, or 
2 M  K2HPO4. The post-hardening newberyite compres-
sive strength grew to 36 MPa, while the post-hardening 
struvite compressive strength increased to 10 MPa. This 
indicates an increase in the range of 1.3–2.8  MPa. The 
compressible force of the post-hardening 3D-printed 
struvite climbed to 10  MPa. This magnesium phos-
phate matrix, which can be manufactured via the use of 
3D printing technology, is anticipated to be an effective 
biodegradable bone replacement due to the exceptional 
properties that it possesses [134].

The use of negative salt pattern molding is a manu-
facturing method employed to fabricate a magnesium 
scaffold characterized by an open-cell porous structure, 
wherein the porosity can be precisely controlled [135]. 
The use of rapid prototyping and casting techniques 
facilitates the production of a scaffold that possesses a 
closely regulated and organized porosity. A high-purity 
supersaturated NaCl particle paste is prepared, which 
is then used to produce a 3D-printed positive pattern 
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composed of acrylic polymer. Subsequently, the pattern 
is infiltrated with a NaCl slurry. The negative salt pattern 
is impregnated with molten magnesium and dissolved 
NaCl salt through the use of a NaOH solution. The tech-
nique developed by Kleger et al. involved the use of func-
tionalized NaCl particles to produce a paste that exhibits 
stability, as well as a 3D printable template characterized 
by structured porosity (Fig.  5) [136]. The salt template 
undergoes a series of procedures including drying, sin-
tering, and washing with an aqueous solution of NaOH 
in order to eliminate NaCl following the solidification 
of molten Mg. The present methodology involves the 
direct 3D printing of a salt template for the fabrication 
of a magnesium scaffold, resulting in the formation of a 
well-organized porous structure. Dong et  al. employed 
the technique of solvent-cast 3D printing to fabricate a 
porous magnesium scaffold. This was achieved by utiliz-
ing metallic powder and binder systems, such as poly-
mer or volatile solvent [137]. The ink paste is expelled at 
ambient temperature, undergoing a process of solidifica-
tion through polymerization while maintaining its origi-
nal form. The compact in question is a metal/polymer 
composite structure that has been fabricated using 3D 
printing technology. Through the process of debinding, 
the composite undergoes a transformation, resulting in 
the formation of a porous metal structure. The utilization 
of this technique presents several benefits, including the 
presence of hierarchical pores, the ability to fabricate at 
room temperature, the ease of adjusting ink components, 
and improved control over composition.

The fabrication process employed laser powder bed 
fusion to synthesize a scaffold made of a porous WE43 
alloy, featuring struts of different diameters [138]. The 
mechanical properties of the short strut scaffold were 
found to be inferior as a result of shear band propaga-
tion. However, the medium strut and long strut scaffolds 
exhibited notable enhancements in their mechanical 
properties. Hence, the incorporation of strut design has 
the potential to greatly improve the mechanical proper-
ties of the scaffold. As an example, the LS scaffold exhib-
ited a compressive yield strength of 40 MPa and Young’s 
modulus of 0.8 GPa. The morphometric parameters and 
mechanical properties of a WZM211 open porous scaf-
fold were assessed in a study utilizing liquid phase sinter-
ing and crucible melt extraction techniques [139]. The 
scaffold exhibited comparable compressive yield strain 
to that of natural cancellous bone, though with a lower 
yield stress. In spite of its reduced mechanical strength, 
the magnesium alloy scaffold exhibited deformation 
without the occurrence of microcracks, thus effectively 
impeding premature failure. The observed decrease in 
Young’s modulus and hardness following the compres-
sion test can be attributed to the formation of Y-Zn-rich 

precipitates and microdefects, as well as the occurrence 
of microdamage at the crystallographic level during the 
process of melt extraction.

Xie et  al. fabricated a 3D porous scaffold composed 
of Mg-Nd-Zn-Zr using the SLM technique, and sub-
sequently conducted an assessment of its compres-
sion properties [140]. The compressive yield strength 
of the 3D printed scaffold was found to be greater in 
comparison to the soluble template method. A 3D gel 
printing technique was employed to fabricate a pure 
magnesium scaffold with three distinct porosities [141]. 
The compressive strength of the pure magnesium scaf-
fold demonstrated a direct relationship with the sintering 
temperature, increasing until reaching 610  °C. However, 
beyond this temperature, the strength of the scaffold 
decreased, regardless of the wire distance. Additionally, 
it has been reported that the distance between wires 
plays a significant role in determining the porosity of the 
scaffold. The compressive strength of the scaffold expe-
rienced a significant decrease as the wire distance was 
increased. Liu et al. conducted an optimization study on 
the laser powder bed fusion (L-PBF) technique to fabri-
cate scaffolds using WE43 [142]. The study resulted in 
the development of four distinct porous units and three 
different sizes for the struts. The mean hardness value 
observed was 75 HVN, exhibiting a positive association 
with the size of the struts. The compressive strength 
of the scaffolds was found to be the highest among the 
tested scaffolds. This can be attributed to their distinctive 
design, which incorporates vertical struts that are parallel 
to the direction of compression. In contrast, the diamond 
scaffold exhibited the lowest compressive strength, pri-
marily due to the presence of weak interconnected joints.

 Iron‑based alloys
Iron is an essential trace element that the human body 
needs to function properly and is involved in a wide vari-
ety of physiological processes. Because of their excep-
tional mechanical qualities and capacity to degrade, 
materials based on iron are now being investigated as a 
potentially fruitful choice for the production of biode-
gradable implants. Initial in vivo tests on porcine aortas 
with implanted pure iron stents have shown no local or 
systemic toxicity, as the iron ions released after degrada-
tion can undergo metabolization without accumulation 
[143]. However, the degradation rate of pure iron in phys-
iological media is slower in comparison to the required 
body rate. Because of this, researchers have produced a 
variety of Fe-Mn alloys in an effort to speed up the pace 
of deterioration of iron-based components[144, 145]. 
Degradable metals based on iron were some of the first 
to be employed in 3D-printed scaffolding for use in bio-
medical applications [146]. Applications in craniofacial 
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reconstruction using inkjet 3D printing of biodegradable 
Fe-30Mn scaffolds with an average porosity of 36.3% have 
been investigated  (Fig.  6). After further sintering, the 
scaffold transformed into a mixed phase alloy consisting 
of martensite and austenite phase. The scaffold’s corro-
sion rate was significantly higher than that of pure iron, 
and the result of its corrosion comprised of calcium and 
phosphorus. The scaffold had outstanding cytocompati-
bility in addition to possessing tensile mechanical charac-
teristics that were comparable to those of real bone[147].

The manufacturing of porous iron offers a distinct 
opportunity to enhance the rate of biodegradation 
through the use of complicated porous architectures. 
However, obtaining the necessary biodegradation pro-
file keeps presenting challenges as a result of inherent 
passivation processes and restricted biocompatibility. A 
coating of poly(2-ethyl-2-oxazoline) was used on porous 
iron fabricated through extrusion-based 3D printing, 
resulting in a biodegradation rate that was 2.6 times 
higher compared to uncoated samples [148]. Further-
more, the mechanical properties of the coated iron 
remained similar to those of natural bone. The stability 
of the coating remained intact even after undergoing bio-
degradation, and it exhibited a significant enhancement 
in both viability and adherence of preosteoblasts. Putra 
et  al. used extrusion-based 3D printing for the fabrica-
tion of iron-matrix composites incorporating akermanite 
[149]. Iron-based inks, combined with different quanti-
ties of akermanite powder, were formulated, followed by 
meticulous fine-tuning of the debinding and sintering 
processes. The composite scaffolds effectively maintained 
their structural integrity and retained the desired α-Fe 
and akermanite phases in their original form. The in vitro 
biodegradation rates exhibited an enhancement of 2.6-
fold in comparison to pure iron. The scaffolds exhibited 
enhanced MC3T3-E1 cell attachment and enhanced cell 
proliferation. The cellular exudation of collagen type-1 
and the level of alkaline phosphatase activity exhibited 
higher values in comparison to Ti6Al4V when subjected 
to an osteogenic medium. Carluccio et  al. reported a 
detailed examination of Fe-Mg bone scaffolds manu-
factured using SLM technique, with a specific focus on 
their suitability for load-bearing applications [150]. The 
mechanical properties were sufficient for load-bearing 
applications, with a higher corrosion rate than pure iron 
due to the manufacturing method, Mn addition, and 
scaffold design. The results of in vitro cell testing demon-
strated favorable viability and biocompatibility, with filo-
podia exhibiting strong osteoblast adhesion. The in vivo 
analysis revealed a favorable integration of the bone, as 
evidenced by the presence of newly formed bone after a 
period of 4 weeks following implantation.

In addition to iron-based alloys, iron and iron 
oxide particles have also been investigated for use in 
3D-printed scaffolds. Magnetic Fe3O4 nanoparticles, 
polycaprolactone, and bioactive glass were incorporated 
into composite scaffolds with the use of a 3D Bioplotter 
by Zhang et  al. [151]. These scaffolds exhibited a com-
pressive strength of 13–16 MPa and a porosity that was 
evenly distributed throughout the structure of 60%. Due 
to the presence of magnetic Fe3O4 nanoparticles, the 
scaffold was endowed with a magneto-thermal effect, 
which improved the cellular biological capabilities. Addi-
tionally, the scaffold was loaded with doxorubicin anti-
cancer drugs to promote osteogenic activity and achieve 
sustained drug delivery. Artificial magnetic cilium was 
successfully 3D-printed by Liu et  al. [152] using polydi-
methylsiloxane that had been doped with iron particles. 
Overall, 3D-printed biodegradable scaffolds made of 
iron-based materials show promise in promoting bone 
restoration without problems, making them better candi-
dates for implants of orthopedic. As 3D printing permits 
the precise fabrication of compound and specific shape 
implants, it is predicted that degradable iron-based med-
ical devices produced via 3D printing will surpass those 
produced through conventional techniques.

 Zinc‑based alloys
Zinc (Zn) is a trace element that is vital to the human 
body and has a key role in the production of enzymes, 
the expression of genes, the transmission of signals, the 
metabolism of nucleic acids, the control of apoptosis, 
the encouragement of growth, and the regeneration of 
damaged tissue [153]. Researchers have found that Zn 
has potent anti-atherogenic properties [154]. Despite 
concerns about the potential adverse effects of using 
Zn in the body, studies have shown that zinc toxicity is 
minimal, and it was also found to have antiseptic activity 
[155]. In recent times, Zn has been emerged as a promis-
ing alternative to iron and magnesium alloys in the man-
ufacture of biodegradable medical implants due to its 
nearly ideal degradation rate. Thus, it has gained atten-
tion as a candidate for dental implants besides degrada-
ble cardiovascular stents [156].

Various studies investigated the fabrication, design, 
and mechanisms of degradation of Zn alloys in vitro and 
in  vivo [157–159]. However, fabricating Zn implants 
with SLM is challenging due to its low melting point, 
low boiling point, and high oxidation tendency result-
ing in high porosity in fabricated parts. The degree of 
oxidation level of Zn pieces that were created using a 
3D printer was roughly 2 weight%, which is comparable 
to the oxidation rate of pure Zn powder. Because of the 
rapid rate of cooling that occurs during the SLM process, 
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the microhardness of Zn pieces that were 3D-printed was 
somewhat greater than that of pure Zn. By modifying 
the geometry, density, and microstructure of Zn compo-
nents that have been 3D-printed, SLM makes it possible 
to control the mechanical qualities and deterioration of 
Zn products. Li et  al. investigated the characteristics of 
functionally graded and uniform additive manufactur-
ing (AM) porous Zn designs using a diamond unit cell 
[160]. Cylindrical specimens were produced using pure 
zinc powder and subsequently examined to evaluate their 
parameters and properties. The biodegradation behavior 
was found to be significantly influenced by the topologi-
cal design, resulting in a notable  150% variation in bio-
degradation rates across the three designs. Following 
28 days of in  vitro biodegradation, the AM porous Zn 
material exhibited weight losses ranging from 7 to 12%, 
while concurrently demonstrating a consistent increase 
in yield strengths  (Fig. 7). The topological configuration 
of porous Zn in additive manufacturing exhibits potential 
in regulating mechanical characteristics and degradation 
patterns, thereby providing adaptability to meet diverse 
clinical demands. Tong et  al. reported the development 
of a biodegradable composite material composed of Zn-
Mg-Mg-Si [157]. The composite was fabricated using a 
high-pressure solidification technique. The composite 
material exhibited high compression characteristics, with 
a yield strength of 406.2 MPa and an ultimate strength of 
1181.2  MPa. Additionally, it revealed exceptional plas-
tic deformation characteristics, exhibiting no signs of 
fracturing or cracking. The corrosion potential of the 
composite material was measured to be -0.930  V. Sub-
sequently, when the composite was immersed in Hanks’ 
solution, its degradation rate was found to be 42.8 μm/y 
and 37.8  μm/y. The experimental findings indicate that 
the extract exhibited favorable cytocompatibility when 
compared to both pure zinc and AC composites, par-
ticularly at concentrations equal to or below 25%. The 
aforementioned statement implies that the Zn-Mg-Mg-
Si composite exhibits considerable potential as a biode-
gradable material suitable for orthopedic applications. 
Recently, Qiu et al. examined the pore structure, mechan-
ical properties, and weight loss of porous scaffolds made 
from Zn-0.8Li alloy in simulated body fluids [159]. NaCl 
particles were utilized as pore-forming agents. The find-
ings indicated that specimens with smaller pore sizes 
exhibited superior mechanical properties and reduced 
rates of degradation. Samples with larger pore sizes 
exhibited superior connectivity, channels for nutrient 
transport, and internal tissue growth. The scaffolds com-
posed of Zn-0.8Li, which were coated with chitosan, 
exhibited enhanced cell activity and adhesion. The appli-
cation of a chitosan coating resulted in the suppression 
of  Zn2+ release, thereby facilitating the growth of bone 

tissue and creating a favorable microenvironment for the 
adhesion, proliferation, and differentiation of mesenchy-
mal stem cells.

Emerging trends and areas of focus
Because it is now possible to make implants that are tai-
lored to the specific requirements of each individual, 3D 
printing has emerged in recent years as an important 
technology in the area of medicine. There is a significant 
increase in the need for customized medicine and cus-
tom-made 3D-printed medical products, notably ortho-
pedic instruments and surgical implants, as a result of 
the fast-growing population of older people around the 
globe. As a direct consequence of this development, the 
market for medical devices now prioritizes 3D-printed 
biodegradable metallic implants. The 3D printing tech-
nology provides a number of benefits that have not been 
seen before, such as the capability to generate specific 
designs, build structures with complicated geometries, 
and minimize the amount of time and money spent on 
the production of biodegradable metallic medical items. 
Despite this, the implementation of this method in the 
biomedical field is still in its infancy, and there are a 
number of obstacles that need to be conquered prior to 
its clinical application may become widespread.

At the moment, the 3D printing processes for bio-
degradable composites have not yet been equally well-
known as those for traditional manufacturing methods. 
Additionally, there are a number of significant techno-
logical problems and stability problems that need to be 
solved. These include decreasing the surface roughness, 
regulating residual stress, improving the relationship 
between the electron beam and metal powders, eliminat-
ing internal structural flaws, and enhancing accuracy and 
efficiency. Because of variables such as the characteristics 
of the material, the capabilities of the processing, and the 
capabilities of the equipment. The layer-by-layer printing 
process can also lead to product defects and poor perfor-
mance. In order to implement the 3D printing technol-
ogy on a broad scale in the medical device industry, it is 
imperative that these hurdles be surmounted and that 
high precision, great surface polish, robust mechani-
cal and physical product qualities, and high production 
speeds be achieved.

Furthermore, there remains a need for higher quality 
raw materials in 3D printing. Due to the distinct princi-
ples of molding used in 3D printing, current raw mate-
rials remain often in the form of powders or filaments 
and must meet specific requirements, such as size, dis-
tribution, uniformity, oxygen content, and fluidity, which 
are more stringent than those for solid materials. Addi-
tionally, these materials must meet biological standards 
to avoid biological risks in medical device applications. 
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However, the number of established materials available 
for 3D metal printing is very limited. In addition, there 
are concerns with the equipment that are being used in 
the present research and development of 3D printing as 
a method for metal fabrication. These equipment-related 
issues include expensive purchasing costs, maintenance 
expenditures, and consumables prices, as well as incom-
patibility between printing software. These factors have 
limited the widespread adoption and 3D printing tech-
nique development. In order to advance this technol-
ogy, it is necessary to concentrate on enhancing the high 
capacity, high throughput, and high resolution of 3D 
printing equipment in order to achieve miniaturization 
and cost reduction. In addition to this, it is necessary to 
improve the compatibility of software and hardware in 
order to make it easier to implement any future expan-
sions or advancements.

It is imperative that immediate attention be paid to 
the problem of ensuring that medical items that are 
manufactured using a 3D metal printer are safe to use. 
Materials used in clinical settings must meet degrada-
tion, stringent safety, biological activity requirements, 
and biocompatibility to ensure that they are suitable for 
industrial and clinical use. For instance, the printing pro-
cess and performance of titanium alloy medical implants 
must be evaluated to make sure that there are no effects 
of teratogenicity or carcinogenicity after 3D implanta-
tion. However, there is currently no internationally rec-
ognized evaluation system for these issues, and there are 
still ethical concerns to address. There is a dearth of com-
prehensive understanding regarding the possible dangers 
associated with the use of 3D-printed implants in clini-
cal settings, despite the fact that there is an increasing 
demand in the application of 3D-printed prosthetics in 
clinical settings. It is vital to keep track of the long-term 
consequences of placing 3D-printed metal devices and 
to set up an assessment system in order to improve the 
safety and efficacy of customized medical devices.

Conclusion
In the present era, 3D printing has gained significant rec-
ognition as a groundbreaking technology in the field of 
customized healthcare owing to its remarkable capacity 
to fabricate tailor-made orthopedic implants. Ever since 
the advent of the 3D printing methodology, it has exerted 
a significant influence on the subject of medical implants. 
Through the integration of medical imaging modalities 
with additive manufacturing methodologies, the utiliza-
tion of additively manufactured implants in the field of 
orthopedic applications has been significantly expanded. 
Through the collaborative efforts of surgical profession-
als and chemical engineers, numerous instances of clini-
cal applications involving the use of 3D-printed implants 

have been published in the past few decades. The prelim-
inary initiatives have certainly demonstrated the efficacy 
of employing 3D printing in orthopedic applications. 
Indeed, 3D printing stands out as a promising method-
ology capable of overcoming certain complicated clini-
cal challenges. With an increase in proficient researchers 
entering the discipline of 3D printing, coupled with the 
constant progress in hardware, software, imaging, and 
regulation, it is plausible that the enhancements in 3D 
printed implants will witness swift development and 
ultimately attain widespread commercial viability in the 
forthcoming years.
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