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Abstract
The emergence of bone tissue engineering as a trend in regenerative medicine is forcing scientists to create highly functional 
materials and scaffold construction techniques. Bone tissue engineering uses 3D bio-printed scaffolds that allow and stimulate 
the attachment and proliferation of osteoinductive cells on their surfaces. Bone grafting is necessary to expedite the patient’s 
condition because the natural healing process of bones is slow. Fused deposition modeling (FDM) is therefore suggested 
as a technique for the production process due to its simplicity, ability to create intricate components and movable forms, 
and low running costs. 3D-printed scaffolds can repair bone defects in vivo and in vitro. For 3D printing, various materi-
als including metals, polymers, and ceramics are often employed but polymeric biofilaments are promising candidates for 
replacing non-biodegradable materials due to their adaptability and environment friendliness. This review paper majorly 
focuses on the fused deposition modeling approach for the fabrication of 3D scaffolds. In addition, it also provides informa-
tion on biofilaments used in FDM 3D printing, applications, and commercial aspects of scaffolds in bone tissue engineering.
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Introduction

Bone tissue is a unique type of viscous-elastic connective 
tissue consisting of 45–60% (w/w) inorganic minerals, 
20–30% (w/w) organic materials, and 10–20% (w/w) water 
[54]. Hydroxyapatite (HAp) makes up most of the inorganic 

portion of bone tissue [15]. The aging process causes the 
body to go through several changes that might cause bone 
tissues or their functions to be lost or damaged [33]. A signif-
icant bone defect or critical-sized defect cannot be repaired 
by the patient’s body even though the bone is a robust tissue 
with the ability to repair itself [95]. Conventional treatment 
strategies, including autografts, allografts, and xenografts, 
have been limited because of their associated disadvantages, Associate Editor Stefan M. Duma oversaw the review of this 

article.
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which include few donor resources and donor locations, 
extra surgical procedures, immunological response, and 
the possibility of disease transmission [11, 96]. Bone tis-
sue engineering (BTE) has garnered considerable interest 
in the development of innovative structures aimed at pre-
serving, enhancing, and/or restoring bone function [20]. 
Bone tissue engineering is the creation of implantable bone 
substitutes for the treatment of bone loss due to trauma, 
infection, and tumor resection [67]. Damaged biological 
tissue can be restored, maintained, improved, or replaced 
by combining cells, technology, material techniques, and 
relevant biochemical and physicochemical parameters [34, 
55]. The regulation of morphology and the distribution of 
pores in scaffolds has proven difficult to achieve using con-
ventional fabrication techniques including solvent-casting, 
particulate-leaching, and freeze-drying [35]. On the other 
hand, because of its superior control over scaffold structure, 
3D printing, an advanced manufacturing method, is the most 
promising method for producing artificial bone grafts, and 
organs [63]. The use of fused deposition modeling (FDM) 
3D-printed scaffolds in bone tissue engineering is neces-
sary because they serve as transient templates for cells that 
direct bone repair and promote the body’s natural processes 
of bone regeneration [51, 86]. Over the past three decades, 
fast prototyping has been widely used in the production of 
3D scaffolds with specified porosity [73]. In this review arti-
cle, we focused on the fused deposition modeling (FDM) 
method for the fabrication of 3D scaffolds. Furthermore, it 
also provides information on biofilaments used in FDM 3D 
printing, applications, and commercial aspects of scaffolds 
in bone tissue engineering.

We addressed the biofilaments, fused deposition mod-
eling 3d printing, and their impact on the fabrication of scaf-
folds for bone tissue engineering.

Scaffolds

In bone tissue engineering, a scaffold is a three-dimensional 
biomaterial framework that is used to rebuild bone defects 
[57]. A scaffold must resemble the extracellular matrix 
(ECM) and meet particular biological and mechanical cri-
teria to attract and guide osteogenic cells [102]. Scaffold 
design is the fundamental aspect of bone tissue engineering 
since it offers the cells a surface on which to adhere, prolifer-
ate, migrate, and differentiate after being transplanted into 
the region of bone defect [6]. To withstand outside stresses 
and steadily remodel over time as new bone tissue is created, 
these three-dimensional structures must also offer mechani-
cal support, waste elimination, and nutrition supply [64]. 
Before creating or designing a scaffold, scientists need to 
understand the bone biology that supports the natural heal-
ing process [102]. Conventional methods (see Fig. 1) can 
produce scaffolds for bone tissue engineering, but they can’t 
produce scaffolds with fully continuous interconnectivity 
and uniform pore morphology [26]. Furthermore, they dem-
onstrated a few additional drawbacks, such as mechanical 
failure, inadequate stress shielding, and material-associated 
infections [87].

The most popular manufacturing technique used today to 
transform biomaterials into three-dimensional scaffolds for 
tissue engineering is rapid prototyping [2]. Technologies for 
rapid prototyping (RP) are sometimes referred to as additive 
manufacturing since the material is placed gradually, layer 
by layer until the desired shape is attained [48]. Technolo-
gies utilized in rapid prototyping include 3D bioprinting, 
selective laser sintering, stereolithography, and fused deposi-
tion molding [45]. With the use of 3D-printing technology, 
a bone tissue scaffold may be created that closely matches 
the patient’s original anatomical structure and allows for 
exact pore size adjustment inside the scaffold [97]. The 3D 

Fig. 1  Some conventional tech-
niques used for the fabrication 
of scaffolds



1186 P. Kumar et al.

bioprinter that is controlled by robotics can print the tubular 
organ using the necessary bioinks [94]. Figure 2 displays 
the ideal properties of a 3D-printed scaffold for bone tissue 
engineering [25].

Scaffolds may be entirely tuned for porosity and their 
shapes can be made to be patient-specific without the 
requirement for a mold if they are fabricated from a 
computer-aided design (CAD) file [91]. This method 
produces artificial bone made of poly(ε-caprolactone)-
nanohydroxyapatite that is more closely aligned with the 
mechanics of real bone, has good cell biocompatibility 
and biodegradability in vitro, and has the proper ability to 
build new bone in vivo [18]. While scaffolds with big pore 
sizes contain less material and are therefore more prone to 
deformation, scaffolds with tiny pore sizes have a larger 
capacity to support loads [80]. A non-toxic, biodegradable, 
and biocompatible 3D-Printing PU/PAAM/Gel Hydrogel 
Scaffold with osteogenic potential was created by He and 
colleagues. This unique scaffold holds great potential for 
non-load-bearing bone repair [36]. Scientists have also cre-
ated a 3D-printed scaffold made of graphene oxide that may 
be used to create a cartilage matrix in future studies [21]. 
Using hydroxyapatite (HAp) and polycaprolactone (PCL), a 
multi-nozzle three-dimensional (3D) printer was utilized to 
develop and create a new biphasic scaffold for osteochondral 
tissue engineering [89]. A poly(l-lactide-co-ε-caprolactone) 
3D scaffold coated with collagen-I was fabricated by He and 
his workers for bone tissue engineering [37]. An excellent 
example of bioactivity to encourage hydroxyapatite (HAp) 
nucleation and development was demonstrated by Jiang and 
his co-workers’ production of a biocompatible and biode-
gradable polyvinyl alcohol/sodium alginate blend polymers 
containing  Ca2+ doped  TiO2 nanocomposite 3D scaffold 
[41]. Additionally, three-dimensional hydrogel/bioactive 

glass scaffolds with enhanced mechanical and bioactive 
qualities were created for vascularized bone [4]. The immo-
bilization of gelatin and CuO nanoparticles on a 3D-printed 
conductive PCL/GO scaffold demonstrated appropriate cell 
adhesion and proliferation of H9C2 cardiomyoblast cells 
at an affordable price [83]. The bioactivity of inner cube 
3D-printed PCL scaffolds was explored and enhanced by the 
application of biomimetic polydopamine (PDA) coating and 
bionic hydrolysis. The changes greatly enhanced the scaf-
folds’ biological qualities, hydrophilicity, surface adhesion 
ability, and surface roughness [59].

Biofilaments

In the FDM, the adaptability of filament material is a crucial 
point. The type of filament materials utilized in the FDM 
process determines the product’s qualities. To produce 
desired structures on the printing platform before solidi-
fication, melted polymers become flexible [68]. Different 
materials (such as polymer, ceramic, metal, and composites) 
are used by different kinds of 3D printers. Figure 3 displays 
the examples of different polymers used in the 3D-printing 
machine [58]. Except for directed-energy deposition, a poly-
mer is one of the most often utilized feedstocks in nearly all 
forms of 3D printing [58]. It is well known that polymers 
such as proteins and polysaccharides have excellent mechan-
ical properties, high surface-to-volume ratios, biocompat-
ibility, anti-allergic response, favorable enzymatic reactions, 
porosity, and controlled biodegradation rates [87].

Polylactic acid (PLA) is a biodegradable material and 
is extensively used in 3D printing due to its low melt-
ing temperature, non-toxic fume emissions, and minimal 
warping [68]. PLA is also suitable for use as filaments in 

Fig. 2  Ideal characteristics of a 
scaffold fabricated through 3D 
printing
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composites containing a broad range of materials, includ-
ing boron nitride, tricalcium phosphate, calcium carbonate, 
graphene oxide, and nanohydroxyapatite [93]. Polyhydroxy-
alkanoates (PHAs) are biodegradable polyesters that can be 
used to replace traditional polymers and lessen environ-
mental issues. They are produced by prokaryotic organisms 
from industrial and agricultural waste [70]. Anuar and his 
collogues fabricated a novel soda lignin/PLA/EPO biocom-
posite to create a 3D printable filament [9]. By using a single 
screw extruder for hot-melt extrusion, a 1.7 mm diameter 
polymer/ceramic composite filament comprising PLA-BCPs 
was produced by Nevado and his co-worker [71]. To create a 
filament with improved bioactivity, Shafqat et al. proposed a 
calcium phosphate-loaded novel polypropylene glycol-based 
resin [84]. Martins and his colleagues created a sustainable 
filament of PHB and PHBV filled with 5-weight percent pul-
lulan. These filaments demonstrated a greater degree of heat 
resistance and sufficient thermal stability for the processing 
of fused deposition modeling [65]. A new kind of poly(ε-
caprolactone) scaffold with customized core/shell-structured 
filaments has shown improved mechanical characteristics 
(strain at failure, modulus, and tensile strength) [23].

FDM 3D Printing

FDM is marketed as a powerful instrument for producing 
intricate structures that are impossible to create with conven-
tional methods, such as scaffolds, and for acquiring precise 
parts for high-performance specialized applications [104]. 
3D printing (additive manufacturing) is a marvel of modern 

technology that combines several building processes and 
the field of fabrication science to create a wide range of 
interesting materials [56]. In 1986, Charles Hull invented 
the method of stereolithography (SLA), which was fol-
lowed by other innovations such as powder bed fusion, fused 
deposition modeling (FDM), inkjet printing, selective laser 
sintering (SLS), electron beam melting, and contour craft-
ing (CC) [72, 100]. The majority of the initial 3D-printing 
methods appeared in the late 1990 s and developed quickly, 
which was linked to advancements in computer technology 
[77]. In the early 2000 s, 3D-printing technologies were first 
widely investigated in a variety of industries, including the 
aerospace and medical sectors [85]. Figure 4 summarizes 
the history of 3D printing and the advancement of polymer 
materials [74].

FDM is one of the most popular types of commercial 
3D-printing technologies today that primarily employs sin-
gle or hybrid polymer filaments [53]. The FDM process 
involves heating a thermoplastic bio-filament at the nozzle 
to a semi-liquid condition before extruding it onto a plat-
form or over layers that have already been printed [62]. A 
crucial component of this process is the polymer filament’s 
thermoplasticity, which enables the filaments to fuse during 
printing and subsequently harden at ambient temperature 
after printing [76]. Figure 5 features the characteristics of 
materials used in FDM technology.

Typically, engineered polymers with excellent mechanical 
resilience, thermal stability, and flow qualities are selected 
for the printing of a 3D scaffold [74]. The fundamental idea 
behind FDM-based manufacturing is to melt raw material 
and mold it into novel shapes. The material is a roll of fila-
ment that is drawn by a drive wheel, heated to a semi-liquid 
state, and then inserted into a temperature-controlled nozzle 
head. To create structural parts layer by layer, the nozzle 
accurately extrudes and directs materials in an incredibly 
thin layer after layer. This traces the outline of the layer 
that the program—typically CAD—specifies and inserts into 
the FDM work system [30, 66]. FDM can produce patient-
specific 3D templates in a time-saving and economical way. 
The complicated demands of bone defect treatment and 
each patient’s unique course of therapy can be met by the 
microstructure of 3D-printed scaffolds [46]. This technol-
ogy has empowered the tailored fabrication of 3D scaffolds 
with complex geometries and functionalities in surface and 
mechanical properties [24]. The few processing parameters 
that influence the mechanical qualities of the printed com-
ponent are the width, the thickness of the layers, printing 
speed, and the orientation of the filament [88]. Currently, 
51% of the products produced by additive manufacturing 
technology are made of polymer–plastic filaments. This is 
because these materials not only meet the requirements to 
be manufactured and used, but they also contribute to the 
optimization and management of FDM processes used in 

Fig. 3  Biofilaments used for bone scaffold design in 3d printing
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product manufacturing [30]. When compared to traditional 
manufacturing techniques, the 3D-printing process has sev-
eral benefits, including flexible design, print on demand, 
quick prototyping, robust and lightweight components, little 
waste, cost-effectiveness, ease of assessment, and environ-
mental friendliness [38, 75].

The biomedical area has benefited from the 3D printer’s 
contributions, which include applications utilizing biocom-
patible materials for dental implants, blood vessel synthe-
sis, tissue formation without causing damage to living cells, 

and customized medical prostheses [16]. Natural (alginate, 
polylactic acid, hyaluronan, collagen, etc.) and synthetic 
polymers (PLA, PGA, PLGA, etc.) are used in 3D print-
ing for healthcare applications because of their chemical 
and structural compatibilities to the environment found in 
bodily tissues [60, 90]. One of the main advantages of syn-
thetic origins is their ability to modify various biomolecules 
peacefully while still meeting their physicochemical prop-
erties [73]. Because of its low melting point, non-toxicity, 
non-irritability, and biocompatibility, PLA (polylactic acid) 

Fig. 4  History of polymer development and 3D printing [74]. Reprinted with permission from Elsevier

Fig. 5  Summary of materials, 
applications, pros and cons of 
FDM
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material is widely used in FDM technology, which is its 
most important feature for 3D printing [61]. 3D-printing 
technological innovation satisfies the current demands of 
the healthcare system, they combine medical and techni-
cal applications [75]. This technology is successfully used 
in surgical applications, organ printing, medical imaging, 
vet medicine applications, the production of patient-specific 
medical prostheses and implants, skin engineering, and the 
pharmaceutical industry (Fig. 6) [16].

Applications of FDM 3D Printing in BTE

The creation of scaffolds for tissue regeneration has given 
rise to a need for polymeric materials. When it comes to 
bone regeneration, polymeric materials have an advantage 
over bioinert metals due to their wide range of natural and 
biocompatible synthetic polymers with specific functions 
that are readily accessible on the market [52]. Because natu-
ral polymers may offer customized scaffolding systems for 
the structural and functional organization of cells, they have 
emerged as key players in the 3D bioprinting of tissues and 
organs [99]. 3D printing is majorly used to (1) fabricate bone 
grafts that match the shape of the missing bone, (2) control 
the microarchitecture of scaffolds, (3) create different bind-
ers to create bone scaffolds with the required mechanical 
strength, and (4) print cells, growth factors, and proteins 
[17, 22, 40]. FDM allows for the creation of intricate and 

customized 3D structures with high precision. This is par-
ticularly beneficial in bone tissue engineering, where the 
ability to replicate complex tissue architectures is essential 
for successful integration and functionality [5, 7]. Conse-
quently, the goal of 3D-printing technology is to create an 
artificial bone structure with the necessary dimensions, 
mechanical qualities, biocompatibility, degradability, and 
porosity for the regeneration of bone [1]. Scientists must 
also investigate the characteristics of various biomaterials 
to fully comprehend how 3D model design is crucial to the 
customization of bone implants [79]. A great deal of work 
has gone into creating polymer–polymer composites that 
improve the functionality of bone scaffolds. Polyethylene 
glycol (PEG)–PLA [13], PLA–polyaniline (PANI) [19], chi-
tosan–collagen–hyaluronic acid [44], and many more com-
binations are examples of these composite scaffolds. A bone 
scaffold material should also be biodegradable, which means 
that it should be able to decompose over time into non-toxic 
byproducts that the body can metabolize and eliminate [31]. 
Increased permeability promotes better bone ingrowth, and 
vascularization, and prevents cartilaginous tissue from form-
ing in the regenerated area [92]. The porosity, orientation, 
size, distribution, and interconnectedness of the pores all 
affect permeability [47]. Alternatively, scaffolds with vari-
able porosity and pore size distribution have been created 
using 3D printing to patient specifications [10]. Any type of 
scaffold must have pores that are at least 100 μm in diam-
eter for bone to mineralize. Additionally, studies have shown 
that scaffolds with hole diameters between 250 and 600 μm 
may promote the growth of new bone, capillary develop-
ment, extracellular matrix synthesis, and cell proliferation 
[49]. A non-toxic and biocompatible composite-based 3D 
scaffold has been prepared using polylactic acid (PLA) 
and cellulose nanocrystals (CNC) which revealed an aver-
age pore size of approximately 400 µm. This combination 
increases bone tissue growth by allowing optimal vascu-
larization, hydroxyapatite nucleation, and mineral matura-
tion [69]. However, polycaprolactone (PCL) has relatively 
low mechanical strength and hydrophobic nature compared 
to some other polymers [32, 39, 98]. Romero-Araya et al. 
prepared a PCL 3D-printed scaffold which revealed low wet-
tability, a smooth, uniform surface, moderate porosity (60%) 
with pores of around 500 μm, and compressive strength of 
91 MPa for the applications in hard tissue engineering [79]. 
Jirofti et al. prepared a 3D-printed biocompatible and less 
toxic crocin-loaded chitosan/collagen/hydroxyapatite-based 
scaffolds for the regeneration of damaged bone tissue [42]. 
Hydroxyapatite (HAp) can improve the biocompatibility, 
mechanical strength, and hydrophilicity of the scaffold, 
which increases the rate of formation of neo-tissue-bone 
[82]. Using antimicrobial peptide-modified silk fibroin (SF) 
and silica, a micro extrusion-based 3D-printing technique 
was used to create a 3D aerogel-based hybrid scaffold [50]. 

Fig. 6  Application of 3D printing in the field of healthcare engineer-
ing



1190 P. Kumar et al.

In another research work, BMP2 mimetic peptide and anti-
microbial peptide PSI10 (RRWPWWPWRR) were added to 
the hydroxyapatite (HAp) to increase the antibacterial and 
osteoinduction efficacy of the scaffold [101]. The human 
cell viability is increased and bacteria adhering to the scaf-
fold are eliminated by a 3D-printed electroactive scaffold 
composed of PCL with reduced graphene oxide (TrGO) [8]. 
According to antibacterial studies, the hydrophilic charac-
teristic of TrGO composites allowed the PCL/TrGO scaf-
folds to decrease germs by 26% when compared to pure PCL 
[78]. Deng et al. created a bioactive ceramic scaffold called 
 Sr5(PO4)2SiO4 (SPS) via extrusion 3D printing to create 
bioactive scaffolds for cartilage and subchondral interface. 
Strontium (Sr) and silicon (Si) ions were added to these 
scaffolds since the release of these ions from the scaffold is 
crucial for the regeneration of osteochondral defects [29]. 
For the treatment of osteosarcoma, Dang et al. employed 
doxorubicin (DOX), a chemotherapy medication used at 
varying dosages, and tricalcium phosphate (TCP) coated 
with TiN (TN) microparticles as a 3D-printed bioceram-
ics scaffold [27]. In another study, Zhuang et al. created 
Pluronic F-127 and akermanite-iron (Fe-AKT) bone scaf-
folds that were 3D-printed and had high osteogenic activity 
[103]. Das et al. fabricated a hybrid porous scaffold by using 
alginate–bioglass composite hydrogels with poly(lactic acid) 
(PLA). The good in vitro cytocompatibility, biocompatibil-
ity, and mechanical strength of this hybrid scaffold make it 
attractive for large bone regeneration [28]. Overall, it can 
be concluded that traditional manufacturing methods may 
struggle to produce complex geometric structures required 
for bone scaffolds. 3D printing allows the fabrication of 
intricate and porous structures, mimicking the natural archi-
tecture of bone tissue. Fused Deposition Modeling (FDM) 
3D printing has shown promise in bone tissue engineering 
applications, but there are several limitations associated with 
this technology. Understanding these limitations is crucial 
for researchers and practitioners to make informed decisions 
and improvements in the field. Some of the key limitations 
are displayed in Fig. 7.

Commercial Aspects

3D bioprinting has become more and more popular in recent 
years, both in the academic and in the industrial domains. 
In the years 2014 to 2015, the market saw the entry of a 
large number of 3D bioprinting firms, and new start-ups, 
spin-offs, and subsidiaries kept popping up [43]. The usage 
of 3D printing has grown due to supply chain robustness 
and enabled local, on-demand production. The expansion 
of 3D printing has slowed in recent years due to COVID-19 
which caused business disruption [3]. Businesses have been 
forced to expand and improve their current production and 

distribution capacities due to the 3D bioprinting industry’s 
expansion, which is mostly driven by technical advance-
ments in biomaterials and 3D bioprinters [81]. More than 
2.2 million bone transplants are carried out globally each 
year because pathological and unintentional stress can occa-
sionally cause damage to bone tissue [2]. The market for 
bone grafts and replacements was projected to be valued 
at $3.07 billion in 2022 and would grow to $4.5 billion by 
2030. By 2025, the ceramic 3D-printing market is projected 
to grow to a value of USD 384 million worldwide. In the 
medical field, 3D ceramic implants have the second-highest 
compound annual growth rate (26.5%). It is anticipated to 
increase to USD 82 million by 2025 from USD 25 million 
in 2020 [17]. Modern commercial 3D-printing technology 
is primarily based on thermoplastic material extrusion, with 
prices as low as $250 being easily found on the market [12]. 
To encourage bone regeneration, FDM 3D-printed porous 
bioresorbable polycaprolactone-based bone implants called 
 OsteoplugTM and  OsteomeshTM are utilized. Orbital frac-
tures, dental sockets, buccal abnormalities, craniosynosto-
sis, septal extension, mandible reconstruction, etc., can all 
be treated with these implants [14]. Furthermore, develop-
ments in hybrid materials and 4D/5D printing are gaining 
ground and signal the market’s potential growth in the years 
to come.

Conclusion and future perspectives

The review has consolidated and produced the exist-
ing knowledge on Fused Deposition Modeling (FDM) 
3D-printed scaffolds for bone tissue engineering. By bring-
ing together information from various studies, it provides 

Fig. 7  Limitations associated with the FDM 3D printing for BTE
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a comprehensive overview of the current state of the field. 
A lot of studies have been done on using 3D printing for 
polymer composites to add reinforcement materials like 
nanoparticles and short or continuous fibers to overcome 
these mechanical performance restrictions. Furthermore, 
in some functional applications, 3D-printed polymer com-
posites can outperform traditional composites if functional 
elements like metal or metal oxide and live cells are added 
to the polymers. The complicated geometry of bone defects, 
the characteristics of the material, and the incorporation of 
cells and biomolecules provide difficulties in the 3D printing 
of bone tissue scaffolds. Medical imaging, processing, and 
the resulting CAD model make it simpler to get over this 
impediment. However, there are still limitations with print-
able materials, especially when bioprinting and functionally 
graded materials are involved.

Future research could focus on the development of new 
biomaterials and composites suitable for FDM 3D printing 
to enhance the mechanical and biological properties of scaf-
folds. Exploring multi-material 3D-printing techniques with 
FDM could enable the fabrication of scaffolds with complex 
structures and gradients. Combining different materials in 
a single scaffold could mimic the heterogeneous compo-
sition of natural bone tissue, enhancing functionality and 
promoting tissue integration. Future research could explore 
innovative strategies, such as incorporating microchannels 
or biomimetic vasculature networks, to enhance the scaf-
folds’ ability to support blood vessel formation and tissue 
integration. This approach, coupled with telemedicine ini-
tiatives, could improve accessibility to advanced bone tis-
sue engineering solutions in diverse geographical locations. 
Since this technology makes it possible to print organs and 
tissues, a large amount of research is now being done on the 
potential applications of this technology in many biological 
contexts. As a result, many people will benefit from it in  
future. Furthermore, it is possible to build organs using this 
technology that will carry out the same biological tasks as 
the original organs.
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