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A B S T R A C T

This article reviews the current state of the art of additive manufacturing techniques for the production of bone
tissue engineering (BTE) scaffolds. The most well-known of these techniques include: stereolithography, selec-
tive laser sintering, fused deposition modelling and three-dimensional printing. This review analyses in detail the
basic physical principles and main applications of these techniques and presents a list of biomaterials for BTE
applications, including commercial trademarks. It also describes and compares the main advantages and dis-
advantages and explains the highlights of each additive manufacturing technique and their evolution. Finally, is
discusses both their capabilities and limitations and proposes potential strategies to improve this field.

1. Introduction

Bone tissue is known for its self-healing abilities. It undergoes dy-
namic remodelling, maturation, differentiation and controlled resorp-
tion. All these processes are achieved through a dynamic process in-
volving osteoclasts and osteoblasts, which are responsible for
maintaining a healthy bone [1]. However, large-scale bone defects
cannot be healed completely by the body [2]. Schimitz and Hollinger
[3] defined the critical size defect as the smallest intraosseous wound
that would not heal by bone formation. In these cases, external treat-
ment to restore normal functions is needed. The different treatment
options include autografts (bone taken from the same person's body)
and allografts (from a deceased donor). However, since more effective
strategies to heal large bone defects are needed, are currently in-
vestigating new biomaterials and new scaffolding techniques. In this
context, Bone Tissue Engineering (BTE) is a critical area of research.

Tissue Engineering (TE) typically involves the use of scaffolds,
which provide structural support for the newly formed tissue. Scaffolds
serve as temporary templates for the interactive traffic of cells as well as
for the formation of the extracellular matrix [4]. The exploration of
novel ideas in the design of these scaffolds, as well as of other complex
biomedical models such as, prostheses and implants can be achieved by
the application of computational modelling using patient-specific ana-
tomical data, and can then be materialized by Additive Manufacturing
(AM) techniques. Computational modelling allows selecting the sui-
table porosity, size and geometric design of each specific defect.

Scaffolds can be produced with different kinds of polymers and
polymer-based composite materials, and several approaches can be
applied to improve their biological and mechanical features. Maietta
et al. [5], for example, have recently shown that Youngs modulus, a
mechanical property that measures the stiffness of a solid material, can
be improved by loading a polymer with organic and inorganic fillers.
Also, Patricio et al. in 2018 [6] showed that the addition of two dif-
ferent polymers can improves the biomechanical properties of the
constructs.

It should also be noted that the manipulation of the main features of
the materials at the micro- and nano-metric scale offers a novel strategy
to improve the biological and mechanical properties of scaffolds. This
feature has been critically reviewed by Guarino et al. in 2012 [7].

The aim of this article is to review the information on AM techni-
ques as a guide for anyone who needs to apply them for the production
of BTE scaffolds. Section 2 explains the general concepts of TE and the
specific requirements for BTE. Section 3 describes in detail the basic
physical principles, main properties and applications as well as the
evolution process of the following AM techniques: stereolithography,
selective laser sintering, fused deposition modelling and three-dimen-
sional printing. Table 1 summarises and compares the advantages and
disadvantages of the above mentioned techniques. Finally, Section 4
presents discussions and recommendations on these techniques in terms
of their applicable conditions for BTE.
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2. Tissue engineering (TE): general concepts

TE is a developing field with a great potential in regenerative
medicine. Landers et al. [8] defines TE as the application of principles
and methods of engineering and life sciences towards the fundamental
understanding of the complex structure-function of tissues and the de-
velopment of biological substitutes to restore, maintain or improve
tissue functions.

This field currently offers innovative strategies to implement bio-
logical substitutes in different medical fields. Major scientific advances
in biomaterials, stem cells, growth and differentiation factors and tissue
micro-environment have fallowed ‘making’ tissue in the laboratory by
combining extracellular matrices, cells and biologically active mole-
cules. Cells are seeded in artificial structures called scaffolds, which are
able to behave as templates for tissue formation. These scaffolds are
critical and the success of tissue regeneration depends on both, their
macro- and micro-structure, as well as on the constituent biomaterials.
Scaffolds must be able to reproduce the existing in vivo environment
and to allow cells to exert influence. Tissue regeneration will depend on
complex cell-cell and cell-scaffold interactions regarding the action of
soluble factors, both locally and systemically. Seed cells may derive
from different sources, including established cell lines, stem cells or
primary cells (autologous, allogeneic or xenogeneic).

Ideally, the biomaterials selected to obtain scaffolds should allow
one or more of the following functions:

• cell adhesion and migration,

• diffusion of vital cell nutrients and secreted products,

• vascularization,

• support of mechanical and biological functions in particular situa-
tions.

New biomaterials also interact with the tissue in specific ways at the
molecular and cellular levels, combining the properties of bioabsorb-
ability and bioactivity.

2.1. Bone tissue engineering (BTE)

Traditionally, trauma, osteonecrosis and tumour lesions have been
treated with autologous, allogeneic or xenogeneic grafts. In certain
cases, the implementation of substitute materials is needed. However,
in view of serious problems such as donor scarcity, disease transmis-
sion, donor site morbidity and inability of materials to reshape and
react to physiological conditions, BTE arises as an option to restore,
maintain or improve functions through the creation of biological sub-
stitutes.

As previously explained, TE involves three fundamental elements:
scaffolds, cells and biologically active molecules. According to Bose
et al. [9] and Hutmacher et al. [10], the requirements for an ideal
scaffold in case of osseous tissues are:

• Biocompatibility: to allow adequate integration into the host tissue
without toxic effects (genotoxic or cytotoxic) and/or immune re-
sponse.

• Porosity: to obtain open and interconnected pores to promote vas-
cularization, to allow the diffusion of nutrients and gases, and to
allow the removal of metabolic wastes as a result of cellular activity.
Optimal pore size for BTE varies between 200 and 900 μm.

• Surface properties: both, chemical and topographic features control
and affect cell adhesion and proliferation. The former are related to
the ability of the cells to adhere to the material, whereas the latter
are essential for osteoconduction. By this process, osteogenic cells
migrate to the surface of the three-dimensional matrix through a
fibrin clot, which is set after scaffold implantation.

• Osteoinductivity: to induce osteogenesis, i.e. mother and osteopro-
genitor cells are recruited at the site of regeneration and stimulated

to be differentiated into new bone.

• Mechanical properties: they depend on the site of implantation and
the acting mechanical forces.

• Biodegradability: to allow materials to degrade in vivo at a con-
trolled resorption rate that equals the bone formation rate, so that
when the lesion is fully regenerated, the three-dimensional matrix
has completely degraded.

• Radiolucency: to allow materials to radiographically differentiate
the new bone from the implanted material. This allows one to effi-
ciently evaluate the tissue regeneration.

3. Additive manufacturing techniques for scaffold fabrication

Numerous techniques have been developed to manufacture two-
and three-dimensional scaffolds. The main technique to manufacture
two-dimensional scaffolds is electrospinning, see [11,12]; whereas the
main techniques to manufacture three-dimensional scaffolds include
solvent casting, freeze drying [13], particle/salt leaching [14,15],
chemical/gas foaming [16], thermally induced phase separation [10]
and the foam-gel technique [17]. All these techniques have restrictions
to produce scaffolds with specific micro-architectures in terms of por-
osity, pore size, pore geometry and interconnectivity. Moreover, due to
their manufacturing conditions, these techniques do not allow in-
cluding living cells or soluble factors within the process [18]. However,
they are still being used because of their low cost and minimal equip-
ment complexity.

AM techniques have arisen as a solution to the aforementioned
disadvantages of the traditional manufacturing methods. They were
introduced by Chuck Hull in 1986 [19] with a process known as Ste-
reolithography (SLA). Over the last years, these methods have been
widely discriminated, becoming more accepted in the scaffolds fabri-
cation.

Other commercially available AM procedures are Selective Laser
Sintering (SLS) [20], melt extrusion or Fused Deposition Modeling
(FDM) [21] and Three-Dimensional Printing (3DP). The latter was de-
veloped and published as a patent by the Massachusetts Institute of
Technology (MIT) in 1994, see [22]. Nowadays, this technique has
become the most popular.

All the above mentioned techniques consist in obtaining of a layer-
by-layer composition from a three-dimensional Computer-Aided Design
(CAD) model, which achieves great precision, resolution, and re-
producibility. Moreover, they allow the integration with medical ima-
ging systems to obtain customized models and, in some cases, the in-
corporation of biomolecules or drugs.

Table 1 presents a brief description of these AM techniques, parti-
cular descriptive parameters in terms of layer thickness and resolution
level, main advantages and disadvantages regarding scaffold manu-
facturing properties as well as the corresponding literature references.
The table also shows the relative accuracy and costs, by the indicators
sign (+) and ($), respectively (in a 1 to 3 scale).

The following sub-sections describe in detail the main character-
istics, applications, evolution process and useful materials of each of
these AM techniques.

3.1. Stereolithography (SLA)

This technique uses an ultraviolet light or laser to selectively poly-
merize layers of a photosensitive polymer. The stages to obtain SLA
printed models are (see [23,26]):

(1) Immersion of a platform in a photopolymer liquid.
(2) Exposure to light according to the desired design.
(3) Polymer solidification at the point/s exposed to light, whereas non-

exposed polymer remains liquid.
(4) Layer by layer fabrication by moving the platform downwards until

the three-dimensional object is finally completed.

A.P. Moreno Madrid, et al. Materials Science & Engineering C 100 (2019) 631–644
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(5) Removal of the non-polymerized resin.
(6) Post-curing of the green part improve the polymerization between

layers and to reduce surface irregularities.

These stages are schematized in Fig. 1.
This technology, which is based on the use of UV light and photo-

sensitive polymers, allows the highest resolution among all the AM
techniques. The average resolution is approximately 150 μm. In addi-
tion, it should be noted that it has already been improved by the micro-
stereolithography technique, which allows reaching resolutions of 0.5
to 10 μm, see among others [29–31,32]. Fig. 2 shows scaffolds manu-
factured by the SLA technique.

The main disadvantage of the SLA technique is the production of
three-dimensional models only from the photosensitive polymers or
composites containing them. Since, in the past, these materials were
non-biocompatible and non-biodegradable, this technique was not ap-
plicable to TE. Therefore, some researchers used the indirect fabrication
of scaffolds. For example, in 1999, Levy et al. [33], a suspension made
of a photocurable acrylic resin mixed with Hydroxyapatite (HA)
powder as a precursor of the SLA process. Then, the object obtained was
subjected to a heat post-processing, thereby the acrylic resin was re-
moved and an HA porous structure was obtained. Latter, in 2001, Chu
[34] applied another indirect process: an epoxy mold was infiltrated
with a HA suspension in acrylate binders, afterwards the mold and the

Fig. 1. Schematic representations.

Fig. 2. Images of network scaffolds with a gyroid architecture, built by SLA. (A) Photograph. (B) μCT visualization. (C) SEM image. (D) Light microscopy images. In
A, B, C and D: Scale bars represent 500mm and are reprinted from Biomaterials Journal, 2009, ©Elsevier, all rights reserved. (E) Photograph. (F) μCT visualization. G
and H SEM images (Scale bars represent 1 mm). In E, F, G and H are reprinted from Acta Biomaterialia Journal, 2011, ©Elsevier, all rights reserved.
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binders were removed by pyrolysis, and a sintering process was per-
formed.

The development of biodegradable structures by SLA was first re-
ported by Matsuda et al. in 2000 [35]. However, the diversity of pho-
tocurable polymers with suitable properties for their application in TE
is still limited, see [36]. As outlined by Dhariwala et al. [37] and Ar-
caute et al. [38], the possibility of encapsulating cells turned the SLA
into a very promising technique with potential applications in re-
generative medicine.

According to Mota et al. [26], the application of SLA techniques has
some serious disadvantages, including: (i) the shrinkage of the structure
during the production process and the post-processing step, (ii) the
need, sometimes, for auxiliary supports (iii) the difficulty in loading the
bioactive agents and multi-material structures. As an alternative to this
last drawback, Choi et al. [39] have developed a multi-material ste-
reolithography machine.

On the other hand, to reduce the manufacturing time, Dudley et al.
developed a new SLA technique with a Digital Micromirror Device. In
contrast to the ‘point to point’ light exposure, this procedure involves an
array of several millions of mirrors that can be rotated independently to
a ‘on and off’ state with the aim to project a two-dimensional pixel-
pattern, see [40]. In consequence, a complete layer of resin can be
cured at once, with the consequent reduction of time. In 2015, Tum-
bleston et al. [41] presented another alternative to reduce the manu-
facturing time by a continuous liquid interface production.

It should also be noted that a novel technique known as two-photon
mSLA was proposed in 2007 by Ovsianikov et al. [42], to improve some
of the fabrication aspects of polymeric porous structures by SLA, as the
resulting resolution levels and manufacturing time. The desired object
is manufactured directly inside the reactive medium without super-
imposition of layers by using a femtosecond laser. Resulting resolution
sizes are below 100 nm [43] and the structures obtained present good in
vitro cytocompatibility but lack biodegradability. The biodegradable
materials available for this technique, include triblock co-polymer poly
(e-caprolactone-co-trimethylenecarbonate)-b-poly(ethyleneglycol)-b-
poly(e-caprolactone-co-trimethylenecarbonate) [44] and methacryla-
mide-modified gelatin (GelMOD) [45]. Materials commonly used for
BTE scaffolds manufacture by SLA as well as the literature references to
their application are listed in Table 2.

Recently, scaffolds made by two-photon mSLA of poly(D,L-lactide-
co-β-caprolactone) copolymer with varying lactic acid and ϵ-capro-
lactone have been produced via ring-opening-polymerization and pho-
toactivation. These scaffolds have a great potential in TE and re-
generative medicine applications, see [46].

3.2. Selective laser sintering (SLS)

SLS is based on small particles of thermoplastic, metal, ceramic or
glass powders that are fused by a high power CO2 or a Nd:YAG laser
beam, see [24,62]. The following sequence must be followed to com-
plete the formation of a three-dimensional body (Fig. 1):

(1) Preparation of the powder bed. For each layer, a new layer of
powder is placed on top of the previous one.

(2) Exposure to light according to the desired design. For each layer,
the selected particles are joined according to the CAD file using a
laser.

(3) Removal of the remaining powder of the dissociated or non-sintered
areas.

Fig. 3 shows scaffolds fabricated by the SLS technique. The me-
chanical properties and size accuracy of the scaffolds obtained are
strongly dependent on the construction planes and processing para-
meters such as manufacturing direction, hatch distance, particle size,
laser intensity and powder bed temperature, see among others [62–67].
Generally, SLS scaffolds present low mechanical properties, thus lim-
iting their application to non-load-bearing sites, see [67,68,69].

The scaffold morphology can be controlled by several processing
parameters:

• Powder particle size is preferred in the range of 10–150 μm, ac-
cording to [70].

• The laser energy density [J/cm2] follows from the melting point
of the powders and can be set by adjusting the laser power, spot size
of the beam and scan speed, see [71]. Decreasing the laser scanning
speed, allows obtaining denser parts because of the longer interac-
tion time between the powder and the laser beam, which boosts the
rate of energy delivered to the powder bed, see [72]. Therefore, the
laser energy density directly affects the object porosity. On the other
hand, as outlined by Savalani et al. [71] and Amorim et al. [72], the
smaller the layer thickness the stronger the bonding between the
layers. This is because if the thickness of the powder layers is rela-
tively low for the same laser settings greater fusion would occur due
to the lesser material quantity and subsequent greater absorption of
heat from the previous layer. This fact decreases the porosity of the
pieces.

• Hatch distance also affects porosity. Shirazi et al. [62] recommend
to choosing a hatch distance equal to or greater than the laser beam
spot size to avoid overlapping and to obtain appropriate con-
nectivity to the matrix.

In 2003, Tan et al. [73] developed one of the first scaffolds for BTE
by SLS with polyetheretherketone and HA. Later, this technique was
applied by Williams et al. [65] to fabricate porous polycaprolactone
(PCL) scaffolds, with or without additional calcium phosphate particles.
The mechanical properties of these scaffolds were within the order of
the range of trabecular bones. Afterwards, nanostructured materials
introduced by Shuai et al. [74] and Zhou et al. [75] evidenced, good
potential for TE applications. Moreover, [68,76–79] performed several
studies on poly(hydroxybutyrate-co-hydroxyvalerate) tricalcium phos-
phate (PHBVTCP) scaffolds by applying SLS to composite microspheres.
In all cases, the addition of different components improved the bioac-
tivity of the scaffolds.

Indirect fabrication of scaffolds was also reported. In the case of
bioglass, stearic acid is used as a binder and then removed to obtain a
final object as mentioned by Kolan et al. [63,69]. Some scaffolds, on the
other hand, are built using natural components as cellulose or different
polysaccharides, see Salmoria [64] and Ciardelli et al. [66] respec-
tively.

Recently, Liao et al. [80] have fabricated PCL-TCP scaffolds via SLS.
They coated collagen type I (COL) and obtained PCL-TCP-COL scaffolds,

Table 2
Materials commonly used for BTE scaffolds by SLA.

Material Reference

Poly(propylene fumarate) (PPF)/diethyl fumarate (DEF) [29]
PPF [30,32,47,48]
PPF/DEF-HA (hydroxyapatite) [31]
Trimethylenecarbonate (TMC)/E-caprolactone (CL) [49]
Poly(D, L-lactide) (PLA) [50,51]
Poly(ethylene glycol) (PEG) [32,37,38,52]
Polycaprolactone (PCL) [53,54]
β-Tricalcium phosphate (β-TCP) [55,56]
Poly(trimethylene carbonate) (PTMC)/nano-hydroxyapatite

(nHA)
[57]

Polyethylene glycol diacrylate (PEGDA) [58]
HA/poly(ethylene glycol) dimethacrylate (PEGDMA) and HA/

PEGDA
[59]

HA/β-TCP/Agarose [60,61]
HA/olygocarbonate dimethacrylate [60]
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with good results.
It should also be noted that many scaffolds are composed of polymer

and ceramic composites. The ceramic content of the composites
strongly affects the mechanical properties and degradation behaviour
and it must be considered as a critical design parameter, see [81].

In 2014, Feng et al. [82] proposed another new strategy to improve
the general characteristics of scaffolds, named Novel Two Step Sintering
(NTSS). This approach includes two steps: a first step conducted by SLS
using a laser characterized by the rapid heating to skip the surface
diffusion, and a second step that consists in isothermal heating in a
furnace at low temperature to increase the final density.

Table 3 summarizes the materials commonly used to obtain BTE
scaffolds by SLS and the corresponding literature references.

3.3. Fused deposition modelling (FDM)

FDM is based on the extrusion of a polymeric filament through a
heated nozzle. As shown in Fig. 1, a three-dimensional object can be
obtained following these steps:

(1) The filament is supplied to the extrusion nozzle by means of drive
wheels.

(2) The polymer is heated in the extrusion nozzle until it melts.
(3) Polymer melt is continuously deposited on a construction platform.
(4) The extruder head is computer-controlled and builds layer by layer

the three-dimensional object layer by layer.

(5) The layer thickness is determined by the movement downwards of
the construction platform.

As stated by Houben et al. [95], FDM can generate structures with
strut diameters in the range of several hundred micrometers which are
mainly controlled by the nozzle diameter and the extrusion rate. The
resolution given by an FDM manufacturing equipment is affected by
several parameters which will define the quality of the resulting scaf-
fold. Some of these parameters are:

• The coordination between the head movements and the drive
wheels that provided by the material.

• The heat retained in the material after being deposited, which may
cause non-controlled deformations.

• In case of discontinuous scaffolds, the movement of the extrusion
nozzle from the last filling point to the next, may produce unwanted
filaments.

The range of appropriate materials for FDM remains limited since
they must satisfy the following properties: (i) thermoplasticity, (ii)
suitable viscoelasticity, (iii) melting/solidification, and (iv) ability to be
pre-processed into polymer filaments.

Recently, Probst et al. [96], Jiang et al. [97] and Pati et al. [98]
proposed preparing some composites using PCL as thermoplastic
counterpart to use FDM. As it is known, PCL scaffolds are able to sup-
port in vitro proliferation, differentiation and extra cellular matrix
production of primary human fibroblasts and periosteal cells [99].
Rohner et al. [100], for example, reported 14,1% formation of new
bone in a pig model after three months, by using PCL scaffolds with
bone marrow coated prepared by FDM. Due to the favourable results of
this biomaterial and the low manufacturing costs, several clinical stu-
dies have been carried out and the US Food and Drug Administration
(FDA) has approved the application of PCL scaffolds made by FDM in
humans, see [101,102]. These are currently commercialized by Osteo-
pore Pte. Ltd. in the form of thin interwoven meshes (Osteomesh™) and
three-dimensional implants (Osteoplug™). As previously stated, FDM
application is so far limited to a few thermoplastic polymers because it
can only use filament-shaped materials. To process a wider range of
polymeric materials in diverse forms (e.g. pellet, powder), a melt ex-
trusion-based technique was developed, see [26]. The most popular in
TE is the three-dimensional fibre deposition (3DF) technique, also
called three-dimensional plotting or Air pressure Jet Solidification. This
procedure applies air pressure instead of rollers to force solutions or
melts through a nozzle. This allows applying a larger range of materials,
including hydrogels, polymer/ceramic sludges, etc. Similarly to FDM,
strut diameters are in the range of several hundreds of micrometers. A
3DF system with the trademark 3D-Bioplotter is currently marketed by
EnvisionTEC GmbH. Another well-known 3DF system is BioScaffolder,
commercialized by GeSiM mbH. As an alternative for the multi-material
pieces, some researchers as Kang et al. [103] have presented a multi-
material printer that combines FDM and 3DP.

Fig. 3. Images of scaffolds built by SLS. (A) Photograph reprinted from Acta Biomaterialia Journal, 2010, ©Elsevier, all rights reserved. (B) Photograph. (C), (D) and
(E) SEM images are reprinted from Scientific reports Journal, 2009, ©Nature Research, is licensed under a Creative Commons Attribution-NonCommercial-
ShareAlike 4.0 International License. To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-sa/4.0/.

Table 3
Materials commonly used for BTE scaffolds by SLS.

Material Reference

Polymers starchcellulose and cellulose acetate [64]
13–93 bioactive glass using stearic acid [63,69]
HA/Polyamide-12 [71]
Calcium phosphate (CP)/poly(hydroxybutyrateco-

hydroxyvalerate) (PHBV)
[70]

Carbonated hydroxyapatite (CHAp)/poly(L-lactic acid) (PLLA) [70]
Polycaprolactone (PCL) (with or without additional CP particles) [65,83]
Nano HA [74]
PLLA [84]
Poly (3-hydroxybutyrate) (PHB) [85]
(PCL)/polysaccharide (starch, S; dextran, D; or gellan, G) [66]
HA/PCL [67,73,86,87]
Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)

microspheres and CaP/PHBV
[68]

Polyetheretherketone (PEEK)/HA [73,88]
PCL/nanoHA [75]
PLLA/HA [89]
PEEK/poly (glycolic acid) (PEG) [90]
Poly[3,6-dimethyl-1,4-dioxane-2,5-dione]/HA [91]
PCL/-TCP [81]
PVA [92]
Aliphatic-polycarbonate/HA a-PC/HA [93]
PLLA/β-TCP [94]
PCL/TCP/collagen type I (COL) [80]
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Some researchers have used this method for the indirect fabrication
of scaffolds. B'egin-Drolet et al. [104], for example, described the use of
sugar glass as the ink to create a vascular network used as a mold for
scaffolds of polydimethylsiloxane (PDMS).

A broad spectrum of biomaterials such as calcium phosphate cera-
mics and cements, bioglasses, synthetic polymers such as poly(ϵ-ca-
prolactone) and biopolymers including starch and chitosan, have been
applied for 3DF scaffolds. Fig. 4 shows scaffolds manufactured with the
FDM technique.

Hydrogels are very popular within the TE field because living cells
can be added on their surface under mild processing conditions. Some
hydrogels are: agar, agarose, collagen, gelatin, alginate, mixtures of
alginate and gelatin, and Lutrol F127, see [105]. Recently, a large
number of photopolymerizable hydrogels have been developed and
applied for the plotting of cell-laden scaffolds. However, hydrogels are
not used in BTE because of their limited mechanical properties. They
can be used to develop composites together with some tough materials
that provide the required strength.

It is possible to use more than one material by introducing extrusion
syringes, either in FDM or 3DF. Jiang et al. [97] have developed a 3DF-
system with two syringes, one for a biocomposite and the other for a
biopolymer, using PEG and PCL with nano-HA.

Giron et al. [106] used on the combination of 3DF and pipetting,
which enables the creation of scaffolds with complex patterns of func-
tional substances. The resolution of the pipetting is generally excellent.
With integrated pipetting, the range of materials that may be seeded
with live cells can be widened, because the cells should not be im-
mersed in the plotting pastes. Furthermore, the pipetting allows tai-
loring the local concentrations of drugs or biological factors (or the cell
seeding density) unlike the homogeneous distribution provided by
mixing the plotting paste with the substance or cells, respectively.

The materials useful for BTE scaffolds and the corresponding re-
ferences are listed in Table 4.

3.4. Three-dimensional printing (3DP)

This method is based on the controlled deposition of a binder ma-
terial laid on a powder by using an ink-jet head. A three-dimensional
object is obtained with the following steps (see Fig. 1):

(1) Preparation of the powder bed.
(2) For each layer, the binder is selectively deposited according to a

CAD file. This binder joins, which consists of an organic or aqueous
solution that cannot only wet the surrounding powder, but can also
locally harden the wetted area, joins the powder particles.

(3) A new powder bed is added and spread mechanically layer by layer
by using a roller on top of the previous one.

(4) The layer by layer process goes on until the three-dimensional

Fig. 4. Images of scaffolds built by FDM.
Photograph: (A) Top view of PCL scaffold. (B) Top
view of PHMGCL scaffold. (C) Side view of PCL. (D)
Side view of PHMGCL scaffold. Scale bar 2.5 mm.
Reprinted from Biomaterials Journal, 2012, copy-
right Elsevier, all rights reserved. Stereomicroscopic
images of pHMGCL scaffold: (E) and (F) Side views.
(G) Top view. (H) Oblique view. Scale bar 1mm.
Reprinted from Acta Biomaterialia Journal, 2011,
©Elsevier, all rights reserved. Normal size.

Table 4
Materials commonly used for BTE scaffolds by FDM and 3DF.

Technique Material Reference

FDM PCL [99,100]
PLA [107,108]
PCL/TCP [96]
PCL - PCL/bTCP [109]
PP-TCP [110]

33DF PEG and PCL with nano HA [97]
PCL/PLGA and PCL/PLGA/TCP [98]
PCL and poly(hydroxymethylglycolide-co-e-
caprolactone) (PHMGCL)

[111]

PHMGCL [112]
HA-forming calcium phosphate cements [113]
PCL [114,115]
HA [116]
Calcium phosphate cement [117]
6P53B bioglass [118]
Mesoporous bioactive glass [119]
Starchpolycaprolactone [120]
PLA/chitosan [121]
Agarose (H), alginate (H) or Lutrol F127. gelatin (H) [122]
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object is finally built.
(5) The unbound powder that composes each layer acts as support for

the object being built. Finally, this powder is removed.
(6) In general, it requires a post-processing step with heat.

In this technique the scaffold quality is defined by the following
properties:

• Powder flowability: this is an essential requirement for building up
thin powder layers and removing the powder from the printed part.
Flowability is primarily determined by particle size, size distribu-
tion, surface roughness and shape. High flowability allows the roller
to build up thin and homogeneous layers and thus enables higher
resolution in the printed solid. Resolution is generally at least twice
the dimension of the powder particle size [123]. However, fine
powder (dry) can agglomerate due to attractive interactions be-
tween spherical particles (Van der Waals forces) that can dominate
gravitational forces and reduce flowability, resulting in poor com-
paction and unacceptable powder bed re coating. However, ac-
cording to Butscher et al. [124], subjecting fine powder to plasma
treatment allows the increment of interparticle distance, reducing
the Van der Waals forces and improving flowability. Therefore, a
trade-off between flowability and resolution is inevitable. Low
flowability makes depowdering after printing a difficult and some-
times unachievable goal. Depowdering of simple cavities demands a
minimum cavity diameter of five times the average powder size
[125]. This value might be even higher for complex cavity systems
and irregular cellular structures [27].

• Particle size: the importance of particle size in the success of a 3DP
process was confirmed by Zhou et al. [126]. Fine powders (≤20 μm)
resulted in slow drop penetration speed, large drop penetration
depth, low wetting ratio, poor green mass and green strength for the
final 3DP components. The optimal particle size for a good print-
ability ranges from 20 to 35 μm [124], while the recommended
particles shapes are spherical [127].

• Binder drop volume: the binder drop volume is the amount of binder

released from each nozzle per drop during printing, which depends
on the density and viscosity of the binder. This parameter affects the
binder saturation.

• Layer thickness: thinner layers allow the binder to bleed through
other sites not selected by the CAD file resulting in poor resolution
and tolerance. However, a thicker layer requires high saturation,
which also leads to the same problem. Binder bleeding causes the
blocking of the designed pores [128].

• Powder packing density: the powder packing density is the relative
density of the powder bed after uniform spreading.

• Binder saturation: coordinating the powder packing density and the
drop volume, allows obtaining the binder saturation data required
for printing. A high drop volume requires a low saturation and vice
versa. Saturation could vary according to layer thickness and
powder morphology. A thicker layer would require relatively high
saturation [128]. The binder saturation also depends on the powder
wettability.

• Powder wettability: the powder wettability depends on many
parameters, such as the contact angle between the binder and the
powder, the binder viscosity, the topography of the powder bed
surface (which in turn on the powder shape and size) and the che-
mical reactions occurring between binder and the powder [27]. This
factor determines the printing accuracy and the achievable toler-
ance [23]. High wettability results in extensive binder spreading,
limiting the printing resolution, whereas results in poor joints be-
tween neighbouring printed layers and thus low mechanical in-
tegrity of the object [129].

A remarkable advantage of 3DP is its ability to process a large
variety of ceramic, metallic, polymeric and composite materials. The
only condition is the availability of the material in a powder form.
However, binder selection and process parameter optimization are the
keys to success in fabrication. The materials so far investigated for BTE
scaffolds include polymeric, ceramic and composite powder materials
[28].

The most employed materials are bioactive ceramics such as HA,

Fig. 5. Images of scaffolds built by 3DP. (A)
Photograph. (B) SEM image. (A) and (B) are rep-
rinted from Biomaterials Science Journal, 2013,
©Royal Society of Chemistry, all rights reserved. (C)
TCP scaffold. (D) Surface morphology of PCL coated
TCP scaffolds. (C) and (D) are reprinted from ACS
Publications: Applied Materials & Interfaces Journal,
2014, ©Elsevier, all rights reserved.
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bioactive glasses and tricalcium phosphates (TCP), see [130,131] and
[128]. Natural polymers have also been proposed but in general, they
presented limited structural integrity and low mechanical properties
[132]. Fig. 5 show scaffolds fabricated by the 3DP technique.

To enhance the binding properties of ceramic particles, Shanjani
et al. [147] developed a novel 3DP technique involving the processing
of a polymer-ceramic mixture followed by the elimination of the
polymer phase after sintering.

Table 5 summarizes the different materials, binders, layers thick-
ness, particles sizes, porosity and details of post-processing used in the
field of BTE by 3DP, as well as the corresponding references.

Among the main disadvantages of 3DP, it is worth noting the need
of post-processing steps (e.g. sintering) to improve the resulting me-
chanical properties. Sintering produces shrinkage, which causes dis-
tortions and fracture [147] and thus, precludes the addition of bio-
molecules inside. In case of low temperature 3DP (without post-
processing with heat), powder solidification is carried out via a hy-
draulic setting reaction [149]. Furthermore, as no thermal treatment is
required, so it enables the incorporation of bioactive molecules and
drugs during the 3DP process. This is best exemplified by Gbureck et al.
[150] who investigated scaffolds with drug delivery.

Similarly to observed in the SLS technique, other drawbacks of the
3DP process are the residual non-bound material in complex geometries
and possibly highly rough surfaces [27]. Last, can also be considered as
a disadvantage because organic solvent binders will dissolve printhead
subsystems, commercially available [151].

Lee et al. [151] and Tamjid et al. [152] have applied an alternative
procedure, called Indirect 3DP. This approach consists in: (i) a positive
replica of desired shapes is printed using any material, and (ii) produ-
cing the final the commonly used synthetic biodegradable polymers
scaffold by using a biodegradable polymer solution cast into the printed
mold cavity. This strategy avoid the use of organic solvent as binder,
needed in case of biodegradable materials, although it does not allow

obtaining well-defined complex internal architectures because of the
difficulty of removing the mold from the internal pores.

3.5. Other AM techniques

Over the last three decades, AM techniques applicable to many re-
search areas have boomed around the world. New practices and var-
iations of the existing ones are constantly emerging. This fact, added to
the variety of denomination used by the different authors, makes it very
difficult to enumerate them. In addition, as there is no standardized
classification, a general classification of the most recognized techniques
is proposed in Fig. 6.

It should be noted that some researchers, as Ragelle et al. [153]
have combination of different methods to obtain novel improvements.

4. Discussion

AM techniques are very promising for the manufacture of BTE
scaffolds. However, there present both advantages and disadvantages
and certain design parameters that are decisive when choosing a spe-
cific technique. The choice is defined by the micro-architecture char-
acteristics, biocompatibility and biodegradability of the materials, as
well as by their accessibility, in terms of simplicity of application and
low cost.

Regarding the micro-architecture, two main characteristics can be
mentioned, framework and porosity. For both, the reached resolution
will be crucial to achieve the correct sizes. The recommended pore size
for BTE scaffolds lies between 200 μm and 900 μm. Then the resolution
level, which depends both on the technique used and the specific
equipment, must be sufficient to reach these values.

SLA has the smallest resolution. Therefore, it allows obtaining pore
sizes of 200 μm, as SLS. In contrast, FDM and 3DP, allow obtaining
pores smaller than 900 μm, particularly from 250 μm–700 μmwith FDM

Fig. 6. Proposed general classification of the AM techniques commonly employed in TE.
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and from 350 μm–500 μm to with 3DP. It should be pointed out that
these are average values and that are some particular cases of values
away from these ranges. Fig. 7 shows the ranges of resolutions that can
be handled with the different methods.

Another essential feature for the manufacture of BTE scaffolds is the
selection of a suitable biomaterial, since properties such as bio-
compatibility and biodegradation are inherent. In the case of SLA, the
variety of photopolymerizable materials suitable for TE applications is
still limited. For this reason, this technique is still not widely used for
BTE applications. Likewise the SLS method is considered inadequate
due to the high intensity of the applied laser, which generally degrades
the polymer. Its use is very limited and quite expensive. For these
reasons, the mentioned technologies, despite having the best resolution,
are not the best options to produce biodegradable scaffolds.

As described in Section 3, the applicable materials by FDM are
limited because they must be thermoplastic, with a suitable viscoelas-
ticity and melting/solidification properties as well as the ability to be
pre-processed into polymer filaments. However, it should be noted that
the FDA has approved a method for the manufacture of PCL scaffolds.
3DF is a variation of the FDM, in which a wide range of biocompatible
and biodegradable materials can be used, with the advantage of having
specific equipment of relatively easy access, such as the 3D Bioplotter
and Bioscaffolder. In addition, manufacturing parameters such as
temperature and extrusion speed can be selected by the user and soft-
ware-controlled. This fact simplifies the optimization process.

In the case of 3DP, a large variety of ceramic, polymers and com-
posites bio-materials can be used. But, in this case, both a good selec-
tion of the binder and the optimization of several parameters, such as
powder bedding, particle size and binder wettability, are required for a
successful manufacture. This optimization demands an intensive work
and is time-consuming.

Thus, according to the specific needs of the user, one technique may
be more convenient than others. Regarding the accessibility in terms of
the combination of simplicity, low cost and enough resolution, the FDM
method is more convenient than others. Regarding, the manufacture of
scaffolds with addition of stem cells, Chapelin et al. [154] stated that, in
the future, it will probably decrease due to the risks of tumours for-
mation. Finally, it is important to highlight that, regarding the in-
corporation of biomolecules, 3DF is the most adequate of the techni-
ques presented in this review.

The analyses and comparisons made in this review, allow con-
cluding that all techniques have a wide potential in BTE applications in
the following fields, especially if they are accompanied by progress:

• Design of the micro- and macro-structure of scaffolds, in terms of
new frameworks or combination of existing ones with the aim to
improve the tissue response.

• Design of new biomaterials to be specifically adapted to certain
techniques to extend the range of applicable biomaterials.

• Combination of existing techniques to improve their applicability
and create advances.
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