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Fabrication Aspects of Porous Biomaterials in Orthopedic
Applications: A Review
Elham Babaie*,† and Sarit B. Bhaduri‡

†Department of Bioengineering, Bioscience Research Collaborative, Rice University, Houston, Texas 77030, United States
‡Department of Mechanical and Industrial Engineering and Division of Dentistry, University of Toledo, Toledo, Ohio 43606, United
States

ABSTRACT: Porous biomaterials have been widely used in a variety of orthopedic
applications. Porous scaffolds stimulate the cellular responses and accelerate osteogenesis.
The porous structure of scaffolds, as well as their compositions, dictate cellular responses such
as their adhesion, penetration, differentiation, nutrition diffusion, and bone in-growth. During
the last two decades, tremendous efforts have been devoted by researchers on innovative
processing technologies of porous ceramics, metals, polymers, and glasses, resulting in a wide
variety of porous architectures with substantial improvements in properties. Design and
fabrication of porous scaffolds are complex issues that can jeopardize scaffolds’ biological,
mechanical, and physiochemical properties. This paper intends to comprehensively review the
processing techniques used in fabricating porous biomaterials including ceramics, polymers,
metals, and glasses along with correlating with their biological and mechanical performances.
From a macroscopic perspective, pore size distribution, interconnectivity, pore morphology,
and porosity play critical roles in bone formation in vivo. From a microscopic viewpoint, the
adhesion−retention of proteins, which eventually affect some cellular fates, and absorption−delivery of therapeutic agents can be
tailored by microtextured surfaces. Various processing techniques such as partial sintering, sacrificial fugitives, foaming, freeze
casting, metal injection molding, rapid prototyping, etc., and their associated parameters in designing of porous biomaterials are
reviewed, with specific examples of their applications. The remainder of the paper is organized as follows. First, the paper
describes correlations of porosity characteristics with biological properties. Subsequently, mechanical properties of porous
scaffolds are discussed. Finally, a summary of this review and future directions are presented.

KEYWORDS: Porosity, fabrication, biomaterials, properties, orthopedics

1. INTRODUCTION

Porous biomaterials are of significant interest in a wide range of
biomedical applications. A case in point is orthopedic
applications where there are uses as bone graft substitutes,2,3

scaffolds,4−6 coatings,7,8 and drug delivery systems.6,9 A key
requirement in bone regeneration is a scaffold that allows for
cells to migrate, proliferate, differentiate, and eventually
synthesize new bone. To function as drug delivery media,
sustained release of the therapeutic agents over a long period of
time at targeted sites is an important requirement. The
sustained release kinetics of agents is dependent upon the
characteristics of drugs as well as microstructure of porous
biomaterials such as pore content, size distribution, and
tortuosity. From a different perspective, the presence of pores
compromises the load-bearing ability of the materials, especially
in brittle ceramics. The main concern with ceramics in general
is their inherent brittleness and low fracture strength in load
bearing applications.10

Lastly, there are myriads of choices in selecting processing
technologies to fabricate porous biomaterials, for example,
metals, ceramics, and polymers. These considerations neces-
sitate a comprehensive understanding of correlations among
the processing parameters, the resulting porous micro-
structures, and the physical, mechanical, and in vitro/in vivo

behaviors of materials. These correlations are in fact ubiquitous
in Materials Science textbooks that are organized based on
triangular structure−processing−properties relationships. The
only difference here is that there is a fourth vertex that
represents biological (in vitro/in vivo) responses. This situation
is represented by the tetrahedron as shown in Figure 1a.
There are several signatures of this effort. First, Figure 1a is

drawn in a way to reflect that processing is the main theme
here. However, a comprehensive review of this magnitude
remains always incomplete if the related issues are not
addressed. Second, as mentioned before, porous biomaterials
are becoming important from the viewpoint of their
applications. For example, synthetic bone graft substitutes
(BGS) have been developed in different pore shapes and sizes
using diverse manufacturing techniques. The growing market-
place of synthetic bone graft substitutes can effectively reduce
the need for the applications of autologous or allogeneic bones
that have been conventionally in use for the last several
decades. More importantly, there is a lesser risk of disease
transfer and rejection and morbidity at the harvest sites with the
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synthetic materials compared to autografts or allografts.11 It is
hoped that a comprehensive understanding of this interdiscipli-
nary topic will expand and broaden successful uses of porous
biomaterials with an emphasis on orthopedics. Third, in the
literature, there are individual reviews about theoretical
developments on porous materials and their use in structural
or energy related applications.12,13 There are also reviews on
porous scaffolds made from biopolymers for use in regenerative
medicine.5,14 The results of recent keyword searches in the
Scopus database spanning 2000 until 2015 are described in
Figure 1b. Keywords such as “Porous metals”, “Porous
ceramics”, “Porous polymers”, and “Porous biomaterials” were
used in conducting the search. Inherent in these searches is the
fact the pore sizes could range from microscale to macroscale.
To deal with all kinds of pore sizes is a daunting task. Thus, this
review will mostly limit itself to presence of macroporosities,
which is important in orthopedics.11 Figure 1b reveals that
porous biomaterials are a smaller subclass of the three main
classes of porous materials. At the same time, research in
porous biomaterials has been growing at a rapid pace, outpacing
its larger parents. In spite of the explosive growth, to the best of
our knowledge, there has been no comprehensive review in the
literature on processing of these materials. Many times, a
processing technique is chosen on an ad hoc basis without
determining a clear strategy. All of these considerations
motivate this compilation.
As mentioned before, there has been a three-decade old

research effort on porous materials led by Sir Michael Ashby at

Cambridge University.1,5,15−17 Over this time, several review
papers were published by the group in the literature. The paper
by Gibson and Ashby is the very first attempt to review the
properties of porous materials from their mechanical properties
aspects.1 Ashby refers to these materials as “Cellular” or
“Lattice” materials while discussing their ductile and brittle
mechanical properties in a comprehensive text on the topic
including processing, properties, and uses. Conventionally,
these materials are used as catalyst carriers, filters, and
membranes in chemical, transportation, and energy related
industries. Such uses take advantage of their interesting
properties such as the strength-to-weight ratios. From the
perspective of applications, their uses in biomedical fields are of
recent origin. In most such applications their biomedical
properties are emphasized without realizing that the mechanical
properties can also be taken advantage of. Salimon et al.
reviewed properties and applications of metallic foams.17

However, none of the commercially available foams described
in ref 17 have any biomedical applications.
The use of the keyword, “Porous Biomaterials” results in

several important reviews, all related to porous scaffolds in
regenerative medicine. The common trends of these papers are
noted in the following. First, many of these review papers are
related to biopolymers, which is an indication of the popularity
of these materials in the fabrication of scaffolds, as opposed to
metals and ceramics. Second, deliberate advantage is taken of
osteoconductive, osteoinductive, and osteointegrable materials
in the fabrication of scaffolds. Osteoconduction implies ease (or

Figure 1. (a) Triangular structure−processing−properties relationships, (b) keywords and the number of porous-materials-related studies over the
last 15 years (2000−2015), and (c) classification of porous scaffold fabrication techniques.
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difficulty) of formation of bone on a surface. Implant materials
of low biocompatibility such as copper or silver show little or
no osteoconduction.18 Osteoinduction encompasses the
process of mesenchymal cell recruitment, mesenchymal differ-
entiation to bone-forming osteoblasts, and ectopic bone
formation in vivo.19 Finally, the process of osteointegration
means direct bonding of bone to an implant surface.20,21 In his
highly cited review, Hutmacher emphasized these issues.20,21

Attention was drawn to enhanced capabilities of such
materials via incorporation of biological molecules (e.g.,
proteins, nucleic acid sequences etc.) or cells. The appropriate
delivery of these molecules increases the cell signaling, vascular
networks, and growth. Hutmacher’s paper primarily focuses on
design and fabrication of porous polymers. The advantages of
3-D printing on carefully tailored porosities are discussed.
The review paper by Rezwan et al. is more related to the

present paper.5 The focus in ref 5 is biopolymer/ceramic
composites and their microstructure−processing−property
correlations. The authors collected a large amount of data for
both polymers and ceramics. The absence of useful properties
as mentioned in the previous paragraph lead to a reduced
chance of success for these materials. When pores are
sufficiently large, bone ingrowth occurs due to the larger
availability of space preventing peripheral cellular growth and
fibrosis. Larger surface area provides higher bone inducing
protein adsorption, thus enhancing cell adhesion in overall
scaffold. These considerations highlight the importance in
understanding processing aspects of porous biomaterials in
regenerating bone.5,8

Karageorgiou and Kaplan reviewed the biological aspects of
presence of pores in scaffolds for osteogenesis.22 The paper,
published in 2005, focused on different types of porous
biomaterials including metals, ceramics, glass, and polymers.
The porosity content, their microstructural architecture, and
the size distributions in various materials were correlated to the
biological responses. It was found that the in vitro and in vivo

responses differed. The paper did not go into detailed review of
processing related issues and characterization methods. A
review paper by Chevalier et al., on the other hand, focused the
fabrication aspects of porous biomaterials, albeit in a less than
comprehensive manner.23 No correlating relationship was
addressed. Ohji and Fukushima24 also reviewed several
techniques for fabrication of macroporous ceramics. Those
techniques mostly focused on sintering and foaming methods
aiming at a variety of industrial applications. However,
processing of porous ceramics in biomedical applications has
not been addressed.
A more recent review paper by Perez and Mestres focuses on

the correlations between pore size and morphology of porous
scaffolds on their in vitro and in vivo responses.16 Within that
framework, various materials and their processing as porous
scaffolds are described but given lesser importance. The
mechanical properties have been briefly mentioned. This
being a very recent paper, many recent advances are
incorporated.16

The present review attempts to present a comprehensive
discussion of the fabrication and related materials aspects of
macroporous biomaterials such as polymers, metals, ceramics,
and glasses with potential orthopedic applications. It is noted
that research on porous scaffolds has been extensive. However,
excepting the paper by Perez and Mestres, many other reviews
are already a decade old. In most papers, scaffolds for tissue
(e.g., bone) regeneration is the focus without processing getting
much attention. While biological responses have been discussed
in previous literature, the mechanical properties aspects are
mostly ignored. Thus, correlations between various aspects of
porous biomaterials are not possible. In view of these
observations, we have focused on the processing aspects
more than the other signatures of porous biomaterials.
However, we have not ignored the resulting structures, the
architecture, and last but not least, their mechanical properties.

Figure 2. (i) Examples of cellular solids: (a) a two-dimensional honeycomb; (b) a three-dimensional foam with open cells; (c) a three-dimensional
foam with closed cells.1 (ii) The range of properties available to the engineer through foaming: (a) density, (b) thermal conductivity, (c) Young
modulus, (d) compressive strength.1
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The present review’s topic is introduced here by describing
and critiquing the important aspects of recent reviews. This is
followed by a short introduction on “Porous Biomaterials” with
bone as the prime example. The next section represents the
core of the paper. As shown in Figure 1c, the fabrication
techniques are categorized according to the pores created
randomly or by design. To begin with, the fabrication methods
common to all classes of materials are described. Subsequently,
processing techniques related to one specific class of materials
are presented. In addition, the correlating relationship of the
porous characteristics with pertinent materials issues is
discussed. The effects of pore size, porosity, interconnectivity,
and permeability on cell responses, mechanical performance,
and drug delivery manners are elaborated. Finally, the summary
of this review and future directions in porous biomaterials are
discussed.
1.1. Description of Bone as a Porous Material. Porous

materials are also referred to as cellular materials. From a
biological (or otherwise) viewpoint, the word “cell” represents a
small space and has its origin in the Latin word “cella”. A
cellular solid comprises a number such cells. Specifically, the
architecture of a cellular solid can consist of solid struts or
plates, resulting in edges and faces of walls.1

Figure 2i shows three such examples. To begin with, a lattice
of polygons can fill a two-dimensional plane. A case in point is a
cluster of hexagons leading to two-dimensional structures,
which are referred to as “honeycombs” (Figure 2i-a).
Translating from two-dimensions to three-dimensions in
order to fill the three-dimensional space, polygons become
polyhedra, which can serve the purpose of space-filling. The
two-dimensional “honeycomb” cellular materials become three-
dimensional “foams”, which can be classified into “open cell”
and “closed cell” categories. The “open cell” foams have the
solid material only on the cell edges with the rest of the cell
empty (Figure 2i-b). The “closed-cell” foams have solid
materials on faces as well, leading to isolation of each cell
from one another (Figure 2i-c). Often times, foams possess
both open and closed cell characteristics. This review will
concentrate on the open cell foams, which are of more
biomaterial significance than the closed cell foams.

The three-dimensional geometrical aspects of foams (or
cellular solids) can be easily described by the organization of
two-dimensional components (faces), one-dimensional compo-
nents (edges), and zero-dimensional components (vertices).15

The following definitions are arrived at, based on this scheme:

(1) Edge connectivity, Ze. This is the number of edges that
meet at a vertex. For example, in a honeycomb, Ze is 3
and in a foam Ze may be 4.

(2) Face connectivity, Zf. The number of faces that meet at
an edge. In foams, this may be 3 but can take other
values. Furthermore, the number of vertices, V, of edges,
E, of faces, F, and of cells, C, is related by Euler’s law,

− + = ‐F E V 1 (for two dimensional geometry)
(1)

− + − + =
‐

C F E V 1
(for three dimensional geometry) (2)

Figure 2i shows various arrangements of the space-filling
characteristics of polyhedral cells. Table 1 describes the
topological properties of various individual geometries.
The ability to process cellular solids can result in significant

extension of values of important properties. Figure 2ii-a−d
shows the range of four different properties: the density,
conductivity, the Young’s modulus, and the compressive
strength. The dotted bar shows typical property values in
conventional solids. The solid bar, on the other hand, shows
values achieved in foamed structures of the same solids.1 This
extension of property values results in diverse applications.
Bone can be described from the viewpoint of above

perspectives as a complex composite, mainly composed of
hydroxyapatite crystals deposited within an organic matrix of
collagen. It consists of cortical bone with 5−13% porosity and
cancellous bone with 30−90% porosity. Haversian canals as a
part of cortical bone have cross-sectional area of 2500−12000
μm, and 3−12% porosity. Mechanical properties such as a
range of compressive strengths of cortical bone of 130−180
MPa, flexural strengths of 135−190 MPa, tensile strengths of
50−151 MPa, and an elastic modulus of 12−18 GPa were
reported for compacted bone. Cancellous bone, on the other
hand, exhibits a compressive strength of 4−12 MPa, a tensile

Table 1. Geometric Properties of Isolated Cells1

cell shape
number of
faces, fa

number of
edges, nb

number of
vertices, vc cell volumed,e surface areaa,d,e edge lengthb,e commentsf

tetrahedron 4 6 4 0.118l3 √3l2 6l regular
triangular prism 5 9 6 (√3/4)l3Ar (√3/2)l2(1 + 2√3Ar) 6l(1 + Ar/2) packs to fill space
square prism 6 12 8 l3Ar 2l2(1 + 2Ar) 8l(1 + Ar/2) packs to fill space (cube

is regular)
hexagonal prism 8 18 12 3(√3/2)l3Ar 3√3l2(1 + 2Ar/√3) 12l(1 + Ar/2) packs to fill space
octahedron 8 12 6 0.471l3 3.46l2 12l regular
rhombic
dodecahedron

12 24 14 2.79l3 10.58l2 24l packs to fill space

pentagonal
dodecahedron

12 30 20 7.663l3 20.646l2 30l regular

tetrakaidecahedron 14 36 24 11.31l3 26.80l2 36l packs to fill space
icosahedron 20 30 12 2.182l3 8.660l2 30l regular
aIn an infinite, packed array, every face is shared between two cells; the number of faces per cell and surface area per cell in the array are one-half of
these values. bIn an infinite, packed array, every edge is shared between Zf faces (usually three); the number of edges per cell and the edge length per
cell in the array are 1/Zf of these values.

cIn an infinite, packed array, every vertex is shared between Ze edges (usually four); the number of vertices
per cell in the array is 1/Ze of these values.

dSee, for instance, De Hoff and Rhines25 and the Handbook of Chemistry and Physics.26 eAr is the aspect
ratio: Ar = h/l where h and l are defined in Figure 2.11 in ref 1. fRegular polyhedra have faces and edges that are all identical. Most do not pack to fill
the space.
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strength of 1−6 MPa, and an elastic modulus of 0.1−0.5
GPa.27,28 Substitutions used for such bone-mimicking bio-
materials should optimize bone morphology, structure, and
functions of bone. The next few sections of the paper focus on
processing aspects as well as various correlations, as described
earlier.

2. CREATION OF RANDOM POROSITY

Summaries of pore sizes and porosities achieved by different
methods are collected for ceramic, polymer, and metal materials
in Tables 2, 3, and 4, respectively. Table 5 summarizes the
advantages and challenges of different fabrication techniques.
2.1. Partial Sintering. In this technique, the mechanisms of

surface diffusion or evaporation−condensation at high temper-
ature exposures can be preferentially triggered in an assembly of
particles. This results in grain/pore coarsening without
densification. Alternatively, a homogeneous porous structure

can be formed when sintering is stopped before full
densification is achieved as shown in Figure 3a. The porous
structure or the size and morphology of pores can be modified
by the size of starting powders, level of initial compaction, and
subsequent sintering parameters including pressure, sintering
temperature, and time. For instance, the porosity content
decreases by the decrease in powder size because of faster
sintering.

2.1.1. Ceramic. The ball milled and sieved hydroxyapatite
(HA) powder, the most important bioceramic, can be uniaxially
compressed to form green bodies prior to the sintering step.
After sintering, the shapes of the pores change with increasing
temperature soaks. Additionally, with increasing temperature,
the number of pores decreases as their individual volumes
increase.29−31 Activated processes such as microwave sintering
and microwave heating can be applied for processing of
bioceramic powders. Sintering using the microwave radiation

Table 2. Pore Sizes and Porosities of Ceramic Scaffolds for Bone Tissue Engineeringa

material fabrication method pore size (μm) porosity (%) ref

β-TCP emulsion/sintering 170, 217,416, and 972 ∼52 288
β-TCP PMMA porogen leaching/sintering 337, 415, 557 and 632 60, 52, 41, and 37 248
HA pressing/firing ∼17 29
HA-45S55 freeze casting/polymeric sponge 1−10, 50−1100 80−92 103
HA cement liquid foaming agent/hydrolysis 0.06−1000 45−66 88
HA polymeric sponges/sintering 750−1100 76 (single coat), 82 (double coat) 107
Injectable CPC solid foaming agent 0.005−10, 10−1000 47−75 289
HAp-(a-TCP) gel casting 0.2−0.9, 25−250, 250−900 ∼90 290
HA gel casting/polymer sponge 200−400 ∼76 291
calcium silicate phosphate cement salt leaching 2−5, 200−500 56
HA-βTCP indirect RP/sintering 340 26−72 235
CPC PLGA porogen 40−1 up to 100 54
brushite block low-temperature direct 3D printing open channel of 1.3 mm ∼38 (pmicroporosity) 209
monetite block low-temperature direct 3D printing 10−20, closed pore channels of 2.5 mm ∼44 (pmicroporosity) 209
calcium sulfate (CaSO4) selective laser sintering 1.2 mm ∼34 292
aPore sizes are shown either by the range or by the average size.

Table 3. Pore Sizes and Porosities of Polymer (Natural and Synthetic) Scaffolds for Bone Tissue Engineeringa

material fabrication method pore size (μm) porosity (%) ref

polycaprolactone (PCL) selective laser sintering 2 mm × 2 mm square pore channels 57−83 196
collagen−glycosaminoglycan freeze-drying 85−325 80
corn starch/poly(ε
caprolactone)

three-dimensional plotting gradient pore size 100−750−100 up to 90 244

silk fibroin freeze-drying 50−300 71−94 293
PLGA CO2 blowing agent - ∼95 100
poly(D,L-lactide) partial sintering of microsphere 39−58 61
PEO/PBT compression molding/salt leaching 73−85 61
PCL coagulation/molding/leaching 65−95 61
poly(L-lactide) co-continuous blend 1.5−88 ∼60 131
PCL solvent casting/particulate/polymer leaching 378−435 91−93 60
chitosan/PLGA microsphere sintering 170−200 28 and 37 36
PLGA/PVA melt-molding/particulate-leaching 200−300 ∼90 64
gelatin−cornstrach−dextran 3-D printing 2.5 mm (cylindrical),

2.5 mm × 2.5 mm (square)
up to 0.590 (m3) 294

PCL bioextruder 670 ∼67 214
PEOT/PBT 3-D fiber deposition 1850 ∼78 219
PCL stereolithography 465 ∼70 194
PVA selective laser sintering ∼68 295
spongiform PGA wet electrospinning ∼97 161
PCL electrospinning (spherical dish and metal array

collector)
2−5 134

aPores are shown either by the range or by the average size.
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saves time, energy, and the concomitant processing cost. This
technique usually results in nanoscale or fine grain structures.
Magnesium phosphate and calcium phosphate are examples of
bioceramics processed with microwave radiation.32,33 Nano-
crystalline structure of HA/β-TCP with porosity of 65% was
fabricated via sintering for about 5 min through adjusting the
parameter such as temperature, heating rate, and holding
time.33

2.1.2. Microsphere Sintering for Polymer. Polymer micro-
spheres prepared via the emulsion/solvent evaporation
technique can be sintered to yield 3D porous scaffolds.
Poly(lactic-co-glycolic acid) (PLGA) scaffolds were formed
via sintering of microspheres.34 There is a positive correlation
between sphere diameter and pore diameter35 (Figure 4i). By
modifying processing parameters including sphere diameter and
temperature, a biomimetic pore system equivalent to the
structure of trabecular bone was fabricated (Figure 4i-a−d).
The soaking times at high temperature did not correlate with
the pore structure.35 Sintering of composite chitosan/poly-
(lactic acid-co-glycolic acid) (PLGA) microspheres can
successfully fabricate 3-D chitosan/PLGA porous scaffolds for
bone tissue engineering applications.36 The study showed that
fabrication parameters, such as sintering temperatures and
times, dictate pore sizes, pore volume, and mechanical
properties of as-fabricated scaffolds. The resulting sintered
microsphere scaffolds showed total pore volume between 28%
and 37% with median pore size in the range 170−200 μm.36

Supercritical CO2 can be also useful in creating 3-D
macroporous scaffolds for bone and cartilage tissue engineer-
ing.37 In processing porous PLGA, parameters such as pressures
of supercritical gaseous CO2 and the ratios of lactic acid to
glycolic acid were proven to be important parameters in
yielding different pore geometry.38

2.1.3. Powder Metallurgy. In orthopedics, porous metallic
implants have many applications including spinal fixation to
acetabular hip prostheses, dental implants, permanent osteosyn-
thesis plates, intervertebral discs etc.39 Porous metallic implants
range from titanium and its alloy (Ti6Al4V), Co−Cr, 316L
stainless steel, Co−29Cr−6Mo, NiTi, etc. They are useful in
preventing the phenomenon of stress shielding in vivo. Partial
sintering of powders40 or wires has been reported.41 The final
scaffold structure can be weak because of the presence of thin

contacts between individual powder particles. Important
parameters for subsequent processing include powder size,
shape, and surface conditions. Sintering of powders and wires
can also be used to create porous coatings on the surfaces of
dense substrates.42 In sintering of metallic scaffolds, both total
and open porosity decrease gradually with increasing sintering
temperatures. In one study, Ti powders with three different
particle sizes were stacked and compacted sequentially, starting
with a size of 65 μm then 189 μm followed by 374 μm in the
mold. To attain uniform densification of the powders, the
stacked powders needed precompaction. Pore content and size
of vacuum sintered Ti scaffolds decrease with reduction of the
initial powder size and by applying pressure.40 In the wire
densification approach, a uniform open structure can be
attained by coiling the wire into an elongated helix and
compacting it in a die set of relevant shape. The resulting
sintered solid sample can be subsequently drilled, ground, and
resintered to obtain the final shape.41 Microwave sintering has
been used in densifying metals, even though it is contrary to
common life experiences unlike ceramics. As long as metals are
in powder form, they absorb microwaves. Microwave absorbers
can also be employed. Ti6Al4V powders can be mixed with
multiwalled carbon nanotubes (MWCNTs) and the particle
size of Ti6Al4V is ∼5 μm. In this case, the MWCNTs acted in a
bifunctional way: as microwave susceptors as well as to provide
paths for rapid sintering of Ti alloys. The green compacts can
be sintered in the microwave within 2 min without using any
protective gas environment. The composite showed a porosity
of approximately 25% and pore size in the range of 5−80 μm.43

2.2. Porosity Using Transient Porogen. Sintering of
powders around a transient porogen can be beneficial in
creating porous structures.44,45 The porogens can be incorpo-
rated in three different ways by (1) mixing into the melt, (2)
introducing into a casting mold, or (3) adding into a die set. As
shown in Figure 3b, mixing appropriate amounts of transient
porogen with powders followed by evaporation, burn out, or
dissolution of the porogen also helps. Varying the shape, size,
and volume fraction of the porogens affects the porosity, pore
shape, and macropore-size. Micropores may form due to the
incomplete sintering of powders.

2.2.1. Use of Porogens for Metals. Open cellular titanium
pores ranging from 200 to 500 μm can be manufactured by

Table 4. Pore Sizes and Porosities of Metal Scaffolds for Bone Tissue Engineeringa

material fabrication method pore size (μm) porosity (%) ref

open porous Ti6Al4V selective laser melting 700 × 700 orientated perpendicular 296
Ti indirect rapid prototyping/sintering 300−1000 ∼67 239
Ti6Al4V selective laser melting 500, 1000 202
Ti filled with chitosan/HA sponge EBM/freeze-casting 50−250 60−75 206
Ti liquid foaming agent 10100−400 ∼76 297
Ti fugitive filler 50−500 10−60 298
Ti Mg as filler 0−500 50, 60, and 70 48
Ti microwave assisted 10−100 299
Ti plasma spray 300−500 40−60 167
Ti freezing TiH2-camphene slurries up to 100 49−63 77
NiTi pore-forming agent/capsule-free HIP 300 ∼50 183
NiTi polymeric sponge 250−500 65−72 106
NiTi MIM/salt leaching 100−500 50−70 178
Ti inkjet 3D printing 1200−1400, 20−30 13−16 (pmicroporosity), pmacroporosity < 70 211
Ti6Al4V 3D-fiber depositing 400 74 300
Ti6Al4V direct laser forming (DLF) 500, 700, and 1000 204
aPores are shown either by the range or by the average size.
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adding a porogen (e.g., ammonium hydrogen carbonate) into
the starting powder. The ingredients are mixed homogeneously
and pressed into green compacts. Afterward, the green
compacts are first heated at 200 °C to burn out the porogen,
and then sintered at 1200 °C.46 The pore sizes in porous NiTi
alloys positively correlate with the size distribution of
ammonium hydrogen carbonate particles. Use of porogen
from polymer spheres made of paraformaldehyde (also known
as polyoxymethylene) with mean diameter of 500 μm was also
used.47 Ti/Mg compacts were fabricated by warm compaction
using magnesium granules as a spacer. Porous Ti scaffolds of
complex geometries were fabricated by the removal of Mg
granules by self-corrosion. The pores with a range of sizes of
132−262 μm were homogeneously distributed and intercon-
nected. The results showed that due to the anisotropy and
alignment of pores, the compressive strength varied with the
direction of compression. A conventional machining process
was also applied to control net-shape of the Ti/Mg scaffold.48

2.2.2. Ceramic. Powders synthesized by hydrothermal29 or
precipitation49 methods are isostatically pressed and compacted
before sintering. Subsequently, sintering is performed at high
temperatures in the range between 900 and 1500 °C. The
shape of pores changed with thermal treatments of specimens.
Mechanical properties are a function of the amount and
morphology of pores.29 Ceramic scaffolds fabricated via
pressing and firing usually have a disordered pore structure.29

A transient porogen such as naphthalene was added into
ceramic powder with varying volume fraction and pressed at

300 MPa to form a homogeneous mixture. Afterward,
naphthalene was removed by heating at 300 °C, and the
resultant porous structure was sintered at 1300 °C.50

2.2.3. Cements and Slurries. Casting is also employed in
fabrication of porous structure using transient porogens. As-cast
cements and slurries can be sintered to remove the porogen.
Cement compositions are obtained by mixing calcium
phosphate or magnesium phosphate powder with a liquid
phase, which leads to a self-setting paste.51,52 Afterward, the
cast paste can be molded, dried, and sintered to improve
mechanical properties. Slurries can also be prepared by
dispersing ceramic powders in a liquid phase prior to
sintering.53 Poly(methyl methacrylate) (PMMA) microspheres
are used as fugitive porogens to create micropores in HA
scaffolds by burning at 900 °C and sintering at 1300 °C.53

PLGA as a porogen was also used to fabricate porous bone
cement compositions.54 Various amounts of polymeric
porogens of various molecular weights and sizes were
incorporated into calcium phosphate-based self-setting cement
formulations. The content and the size-range of porogens had
significant effect on the characteristics of cements, while the
molecular weight did not show any significant effect.54,55

2.3. Dissolution. In the dissolution approach or porogen
leaching technique for ceramic, metal, and polymer, the
porogens are removed simply by immersing the structure in
an appropriate solvent at room temperature. The common
porogens should be more soluble than the matrix. Examples of
such porogens include granules of sugars, such as sucrose or

Figure 3. Random porosity generation by (a) partial sintering of polymers, metals, and ceramics, (b) fugitive porogen for use with polymers, metals,
and ceramics, (c) liquid pore forming agent freeze-casting for polymers, metals, and ceramics, (d) direct gas-foaming/physical blowing for polymers,
metals, and ceramics, and (e) gas-foaming/chemical blowing for polymers, metals, and ceramics.
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mannitol, and NaCl. The porous structure of scaffolds with
respect to the pore size, porosity, and pore shape depends on
the size, shape, and amount of porogen used.56 However, pores
are not always interconnected, and precisely controlling the
interconnectivity is difficult. Sometimes this technique
combined with other techniques such as gas foaming can
result in micro- and macroporosity.
2.3.1. Ceramic/Composite. Sugar granules have been used

in a slurry of calcium phosphate particles and PLGA. Porous
composite scaffolds were fabricated by dissolving sugar granules
in deionized H2O. The final scaffold had nominal macropore
size in the range of 800−1800 μm with a porosity of 81−91%.57
2.3.2. Dissolution in Cement. A porous calcium phosphate

cement composition (CPC) was developed through porogen
leaching and gas foaming. Sucrose granules were sieved to
obtain particle sizes in the range of 125 to 250 μm. Mixtures of
CPC powders can set and harden with porogen containing
setting liquid. The porosity content reached 50%. Sucrose was
able to produce some macropores because it did not dissolve
completely before the cement had hardened.58

2.3.3. Metal. Porous titanium scaffolds were fabricated by
sintering Ti particles with added sodium chloride (NaCl)
granules as the porogen. Fast dissolution of NaCl in water
reduces etching of metals. Optimum sodium chloride content,
finding optimal conditions to remove salt such as water
temperature, maximum immersion time per cycle, and agitation

are the factors that need to be adjusted to produce desirable
porous structure.59

2.3.4. Polymer. The dissolution approach for polymers
include solvent casting and particulate leaching, compression
molding and salt leaching, polymer coagulation, compression
molding, and particulate leaching, and melt-processing and
particulate leaching.

2.3.4.1. Solvent Casting and Particulate Leaching. This is
carried out by the casting of a polymer solution with dispersed
porogens. Then, an appropriate solvent removes the porogen.
Procedure of fabricating a porous polycaprolactone (PCL)
scaffold by solvent casting and particulate leaching is described
in ref 60.

2.3.4.2. Polymer Coagulation, Compression Molding, and
Particulate Leaching. Leachable particles are homogeneously
incorporated in a polymer matrix during the precipitation of a
high molecular weight polymer solution into a nonsolvent.
After filtration and drying, the polymer-salt composites can be
compacted by hot pressing. The compression molded
polymer−salt composite discs are gradually exposed to stirred
demineralized water to leach out the salt. This technique can
provide excellent control over pore size and porosity and yields
scaffolds with a much more homogeneous pore morphology as
compared to common methods such as sintering, compression
molding and salt leaching, and freeze-drying. Poly(D,L-lactic
acid) (PDLA) and a segmented poly(ether ester) based on

Figure 4. (i) Sintered PLGA microsphere based scaffolds: (A) a low magnification image showing the 600−710 μm sintered matrix with an
interconnected structural framework (magnification = 25×); (B−D) different packing patterns commonly seen in the structure of the sintered matrix
at higher magnification. Note the extensive connectivity and microsphere bonding (magnification = 55−75×).35 Reproduced with permission from
ref 35. Copyright 2003 Elsevier. (ii) Interconnected poly(ε-caprolactone) porous scaffold fabricated via combination of polymer and salt particulate
leaching: SEM of PCL porous scaffolds generated after selective extraction of (a, b) 50% NaCl, (c, d) 60% NaCl, or (e, f) 70% NaCl and dissolution
of PEO. In all blends, the PCL/PEO composition ratio is kept constant at 50/50.65 Reproduced with permission from ref 65. Copyright 2006
Elsevier. (iii) SEM of PCL porous scaffolds after selective extraction of PEO and NaCl. The PCL/PEO composition ratio is changed while keeping
the NaCl concentration at 50 vol %: (a) PCL/PEO = 50/50; (b) PCL/PEO = 40/60; (c) PCL/PEO = 30/70.65 Reproduced with permission from
65. Copyright 2006 Elsevier.
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poly(ethylene oxide) (PEO) and poly(butylene terephthalate)
(PBET) are the examples processed using this technique.
Porosity could be adjusted by polymer-to-salt ratio to yield
70%−95% porosity content.61 Interconnected and homoge-
neous porous PCL structure can also be fabricated with this
technique where pore size and porosity could be precisely
adjusted by salt particle size range and content.62

2.3.4.3. Melt Processing and Particulate Leaching. The
presence of residual organic solvent in solvent casting and
particulate leaching can be problematic. The melt molding and
particulate leaching technique was proposed to address this
shortcoming. This technique involves hot-pressing and
compression molding of a homogeneously mixed polymer
powder and porogen at temperatures slightly above the
polymer melting point. Subsequently, samples are exposed to
the same solid porogen leaching step as for the solvent-cast
samples.63 Porous PLGA/PVA scaffolds are fabricated by melt
molding and particulate leaching. The scaffolds exhibit highly
porous (about 90% porosity) and open-cellular pore structures
with almost the same content of surface and interior
porosities.64

In order to improve interconnectivity of pores in polymeric
scaffolds, it may be possible to partially bond the porogen

particles by locally melting the contact points. This may be
achieved by working in humid conditions for NaCl porogen.
Alternatively, a heat treatment in the case of paraffin spheres or
sugar particles is useful. The standard leaching techniques as
practiced in other fabrication techniques, such as phase
separation, emulsion freeze-drying, gas foaming, or rapid
prototyping, were also developed. The above techniques can
be combined as well to enhance the connectivity of pores. This
further enhances the ability to produce porous structures with
different pore sizes or pore morphologies.65−67 For example, a
two-step process was developed for the fabrication of porous
PCL scaffolds by combining selective polymer leaching and salt
particulate leaching. In the first step, a twin screw extruder was
used to produce a homogeneous blend of two biodegradable
polymers, poly(3-caprolactone) (PCL) and poly(ethylene
oxide) (PEO), with sodium chloride acting as the porogen.
In the second step, a highly porous PCL scaffold with fully
interconnected pores was fabricated by dissolving the PEO and
mineral salts in water. The scaffold is shown in Figure 4ii,iii,
which shows that the pore characteristics do not change
significantly with the NaCl content varying from 50% to 70%.
The as-fabricated samples showed multimodal distribution of
pore sizes with their distinct locations (Figure 4ii). Figures 4iii-

Figure 5. (i) Surface morphology of (a) porous silk, (b) MBG/silk, and (c) BG/silk scaffolds. The arrows indicate MBG or BG particles in silk
scaffolds fabricated via freeze-drying method. MBG was incorporated into silk scaffolds in order to improve the osteoconductivity.71 Reproduced
with permission from ref 71. Copyright 2011 Elsevier. (ii) Three kinds of hierarchical pores in the Ti scaffold fabricated via liquid pore forming agent
after sintering plus chemical treatment: (a) macropores, (b) micropores, (c) nanopores, and (d) higher amplification pictures of image c.96

Reproduced with permission from ref 96. Copyright 2011 Springer. (iii) Gel casting for prepared near-shaped porous Ti−Mo and Ti−Nb alloy
implants showing pore morphology and distribution in porous titanium alloys processed at 32% solid loading: (a) Ti-7.5Mo, (b) Ti-12.5Mo, (c) Ti-
17.5Mo, (d) Ti-10Nb, (e) Ti-25Nb, and (f) Ti-35Nb alloys. Three-dimensional pore morphologies and total porosity range from 39% to 50% were
achieved with gel casting.114 Reproduced with permission from ref 114. Copyright 2012 Elsevier. (iv) SEM of 45PCL/55PEO vol % scaffolds of
highly controlled porosity and interconnectivity derived from cocontinuous polymer blends annealed at 160 °C for (a) represent 30 min, (b) 1 h, (c)
2 h, and (d) 3 h. Scale bar = 200 μm.132 Reproduced with permission from ref 132. Copyright 2014 Springer.
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a−c depicts the effect of PEO content on the pore structure.
For example, as shown in Figure 4iii-a, a structure with a PEO
content of 50% PEO reveals a cocontinuous structure of PCL.
A further increase in the PEO content to higher levels
drastically alters the morphology of porous scaffolds (Figures
4iii-b,c). The nominal porosities of these scaffolds are 75%,
80%, and 85%, respectively.61

2.4. Porosity Using a Liquid Pore Forming Agent. In
this section, the porogen can be soluble or insoluble liquid. In
addition, emulsion, freeze-drying/freeze casting, and reverse
freeze-drying are discussed using soluble/insoluble liquids as
the porogen.
2.4.1. Insoluble Liquid Pore Forming Agent in Cement. An

important example is commercially available bone cement
(chronOS, Synthes Biomaterials) compounds,68 mixed with oil
and an emulsifier. An emulsion can either be cement droplets
dispersed in oil (w/o) or oil dropped in the cement paste (o/
w). After the cement sets, the oil is washed off to create a
porous block. Varying emulsifier concentration results in
different pore sizes while maintaining the volume fraction. A
higher emulsifier concentration or lower oil content yields
smaller pore size. A porous β-tricalcium phosphate (β-TCP)
block can be manufactured by this emulsion technique that
possesses a porosity content of 75%, with a different mean
macropore sizes such as 150, 260, 510, and 1220 μm.69

2.4.2. Ice as a Porogen in Cement. A frozen sodium
phosphate is allowed to melt during setting of the cement.70

Different cement/ice (C/I) weight ratios of 0, 5, 4, and 3 were
mixed with Na2HPO4 solution ice flakes. Exposure to a small
quantity of liquid nitrogen prevents thawing. The resulting
slurry can be poured into a mold and uniaxially compressed.
Then, the mixture is allowed to set for 20 min through the
melting of sodium phosphate ice prior to removing from the
mold. The porogen can be made in a wide variety of shapes and
sizes, without a need for a porogen removal stage. The
macroporous cement manufactured with the ice is denser than
that which can be obtained from slurry systems. This technique
was able to produce up to 60% porosity containing macropore
size >50 μm, and microporosity below 100 nm or between 100
nm and 50 μm.70

2.4.3. Freeze-Casting or Freeze-Drying. This technique is
applied to polymers, metals, and ceramics. Freeze casting
entails the freezing of a liquid slurry composed of the residual
powder, solvent, and organic additives. In this technique, liquid
solvent slowly solidifies in a dendritic manner at a specific
temperature below its solidification point to induce solid−
liquid phase separation (Figure 3c). Ice temporarily acts as a
binder and the geometry of the frozen solvent crystals is
replicated in the structures of pores. Thus, controlling the
growth of ice crystals during freezing has to be carefully
performed. This is followed by freeze-drying. The pore
structures are significantly affected by a number of factors
such as filler powder, organic additives, solvent, and freezing
rate. Faster freezing results in smaller pores. Organic additives
have important effects on the freezing behavior and crystal
morphology. The solvent has a significant role to play in
forming pores due to the freezing behavior of the solvent.
Solvents like water and substances such as camphene, tert-butyl
alcohol, and mixed solvents were used. An interesting signature
of this method is to induce directional formation of pores,
which can improve mechanical properties. To create aligned
pores, an anisotropic thermal gradient is usually applied
through the container to produce materials with unidirectional

interconnected pores71,72 (Figure 3c; Figure 5i-a−c). Addition-
ally, lower solid loading provides some degree of increase of the
macropore dimension albeit with some concomitant loss in
mechanical strength.73−75 As indicated in Figure 5i-a−c, the silk
and composite scaffolds are highly porous. The pure silk
scaffolds had a flat pore morphology (Figure 2a), whereas the
mesoporous bioactive glass (MBG) or nonmesoporous
bioactive glass (BG) composite scaffolds had a more open
pore morphology (Figure 2b,c) compared to the silk scaffolds.
MBG or BG particles were clearly visible in the pore walls of
composite scaffolds.

2.4.3.1. Metal. Highly porous titanium (Ti) scaffolds were
fabricated by freezing a titanium hydride (TiH2)/camphene
slurry. As the freezing time was prolonged from 1 to 7 days, the
pore size increased significantly due to the continual over-
growth or fast diffusion of camphene dendrites.76,77 The final
scaffold showed large pores up to 100 μm surrounded by Ti
metal strut. An increase in the initial TiH2 content reduced the
porosity from 63% to 49%.77 Directional freeze-casting is yet
another variation. In this process, an aqueous slurry containing
titanium powders of size less than 45 μm was directionally
solidified where pure ice was separated by interdendritic
regions of high powder content. After drying, powders can be
densified by sintering. Final porosity was 57−67%, and the
structure showed aligned pores (∼0.1 mm wide and several
millimeters long). The use of coarser <125 μm powders
exhibited lower porosities (39%), and the pores were not
elongated.78

2.4.3.2. Polymer. Polymers are dissolved in the specific
solvents and poured into a mold prior to freezing. After the
freezing step is completed and phase separation has occurred,
the solvent crystals are removed by freeze-drying. While highly
porous structures can be obtained via this technique, small pore
sizes and poor homogeneity of the pore structure can occur.61

Chitosan and hyaluronic acid were mixed to form a
polyelectrolytic solution, and then lyophilizing the solution
yielded the 87% porosity with 77 μm pore size.79 Collagen−
glycosaminoglycan (CG) scaffolds were initially cooled to a
temperature of −20 °C.80 The temperature was then raised to
−10 °C and held there for two specific annealing times to
produce scaffolds with different mean pore sizes.80 Emulsifica-
tion with freeze-drying is also used for fabricating polymer
scaffolds. This technique is based on the phase separation
concept. To synthesize an emulsion, PLGA was dissolved in
methylene chloride, followed by the addition of distilled water.
The mixture was frozen in a mold by exposure to liquid
nitrogen. The products were freeze-dried at −55 °C, leading to
the removal of the dispersed water and polymer solvents.
Scaffolds with large porosity content (up to 95%) but small
pore sizes (13−35 μm) have been fabricated using this
technique. Varying processing parameters such as water volume
fraction, polymer weight percentage, and polymer molecular
weight can yield different porosity as these values influence the
emulsion’s stability prior to quenching.81

2.4.3.3. Ceramic. This technique is also successfully applied
to fabricate porous hydroxyapatite (HA) scaffold. The resultant
structure showed well-defined pore connectivity along with
directional and completely open porosity such as a lamellar
morphology after sintering. Various parameters affected the
porosity and compressive strength, including initial slurry
concentration, freezing rates, and sintering conditions. The size
of the porosity can be controlled by modifying the freezing
rates of the slurries and the slurry concentration. Due to the
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lamellar pore structure, the scaffolds showed a compressive
strength of 45 MPa with 47% porosity content and 65 MPa for
56% porosity content after sintering.82 The change in porosity
content of freeze-dried HA scaffolds was also studied by
changing process parameters such as particle concentration,
nature of the solvent, and temperature gradient.83 The study
showed that the thickness of the HA lamella decreased and the
width of the pores increased with decreasing particle
concentration. Also, lowering the substrate temperature from
−20 °C to −196 °C created a finer lamellar microstructure.
Finally, the use of water−glycerol mixtures as the solvent
compared with water−dioxane mixtures resulted in the
production of finer pores (1−10 μm) and a larger number of
dendritic growths connecting the HA lamellae. However, the
use of water−dioxane produced a cellular-type microstructure
with larger pores (90−110 μm). In another study, the final
porosity sizing and interconnectivity or lamellar structure of
freeze-dried HA scaffold could be used to infiltrate with gelatin
solution. Biohybrid HA/gel composite scaffolds (45−55 vol %
of porosity) cross-linked with genipin, showed 5−6 times
improved compressive mechanical strength.84

2.4.3.4. Reverse Freeze Casting. This technique was applied
to fabricate porous Ti scaffolds with strongly aligned large pores
as compared to freeze-casting. The idea of this method is based
on the migration of raw powder, rather than the growth of
camphene (solvent) dendrites. Highly porous titanium scaffolds
with the average pore size of 400 μm (pores up to 500 μm in
size possible), aligned structure, and high open porosity were
fabricated with this technique. Camphene−Ti slurries were
poured onto the prefrozen camphene. Ti powders migrated
spontaneously along the prealigned camphene boundaries or
channel and formed a titanium−camphene mixture with an
aligned structure. Thereafter, the green bodies were freeze-
dried to remove the frozen camphene and sintered at 1300 °C
in a vacuum furnace. As the casting time increased from 24 to
48 h, the initial columnar structures turned into lamellar
structures, with the porosity content decreasing from 69% to
51%.85

2.5. Porosity Formation Using Gas Bubbles.
2.5.1. Foaming. The foaming process takes advantage of a
dissolved gas at elevated pressure (physical blowing agent or
direct foaming) (Figure 3d)86 or incorporation of a chemical
that yields gaseous decomposition products (chemical blowing
agent) (Figure 3e).87 Foaming leads to the production of
scaffolds with a compact skin and a porous core with high
porosity content. However, the mechanical strength may be
quite low.87 Variation of the porosity content, the pore size
(bubble size), and the shape is possible by changing different
processing parameters such as the liquid-to-powder ratio, the
concentration, the composition of the foaming agent in
solution, the particle sizes of the starting powders, and finally
the stirring conditions.88

2.5.1.1. Ceramics and Cement. The bubble generation
technique is based on mixing the desired constituents and
allowing the evolution of gas bubbles as shown in Figure 3e.89

Porous ceramics with unidirectional channels have also been
developed by using continuous bubble formation of ethanol in
ceramic slurries.90 Surfactant agents in mixtures stabilize the
bubbles by reducing the interfacial energy of the gas−liquid
boundaries.91 Gel casting and foaming techniques were applied
to create highly porous HA up to 90% porosity. Initially, a
homogeneous suspension of ceramic powder, water, and
monomer solution (i.e., acrylate monomers and methylene

bis(acrylamide) monomers) is foamed by the addition of
surfactants. The foaming of suspensions occurs prior to the in
situ polymerization of organic monomers. Promoters of
polymerization may be added before molding. Finally, the
organic additives are eliminated at temperatures above 300 °C,
and sintering is carried out for consolidation of the ceramic
scaffolds. Porous HA showed spherical interconnected cells
with sizes ranging from 20 to 1000 μm.92 Another approach to
generating bubbles is to take advantage of a gas evolving
chemical reaction. Calcium phosphate powders were mixed
with a diluted H2O2 solution that can foam. After foaming and
drying at 60 °C, the cylinders were sintered at 1150 °C. This
resulted in the distribution of pore sizes in the range of 1−10
μm.93 Porous cement scaffolds can be obtained by adding
NaHCO3 to the starting cement powder of calcium phosphate
using two different liquids: first, a basic liquid to form the paste
and later an acid liquid to obtain CO2 bubbles. The macropores
with an average size of 100 μm were produced.94 Recently,
magnesium granules have been applied to fabricate porous
bone cement scaffolds that yield a high porosity content of 90%
and macropore size of 800 μm.95

2.5.1.2. Metal. Fabrication of porous metallic scaffolds can
use argon or hydrogen gas as foaming agents. Micrometer-sized
bubbles of pressurized inert argon gas can be entrapped within
a matrix of Ti during the consolidation of titanium powders by
hot isostatic pressing (HIP). By exposure of the compacts to
elevated temperatures and ambient pressures, bubbles expand
within titanium matrices. This results in porous foams with
approximately 50% porosity with high strength. This high
strength is attributed to the density of struts.42 Alternatively,
both liquid and solid foaming agents can be used. In the liquid
approach, a slurry can be formed by mixing Ti powders,
binders, dispersants, and hydrogen peroxide (H2O2) as the
foaming agent (Figure 3e). The as-prepared slurry is poured
into molds and dried. Subsequently, the dried material is
sintered in a vacuum sintering furnace. Finally, Ti scaffolds are
chemically treated with acid−alkali solution. The final scaffold
showed pore sizes ranging from nanometer to micrometer scale
and macropores with pore size larger than 100 μm and a total
porosity content of 76% (Figure 5ii-a−d).96

2.5.1.3. Solid Foaming Agent Approach. This approach
uses a polymeric binder and a foaming agent mixed with Ti
powders to fabricate open celled structures. The process also
uses a three-step thermal treatment. In the first step, two
processes take place simultaneously: (1) creation of a
suspension of Ti particles in a molten pool of the binder and
(2) decomposition of the foaming agent by releasing gas. The
second step is a careful binder removal process. These are
followed by a final sintering step to impart strength to the
porous structure. The process allows for the control of
microstructural properties such as the size of pore openings,
surface properties, and properties of the metal.97,98 Irregularly
shaped titanium powder was dry-mixed with low-density
polyethylene as a polymeric binder, a foaming agent (p,p′-
oxybis[benzenesulfonyl hydrazide]), and a cross-linking agent
(dicumyl peroxide). The homogeneous mixtures can then be
molded and heated through thermal treatments as described
above. The final pore size of titanium foams can be controlled
by optimizing the composition of the blend. The final scaffold
had pore sizes ranging from 336 to 557 μm.98

2.5.1.4. Polymer. The porous structure achieved with this
technique is not as fully interconnected as in the case of phase
separation. A porous corn starch and ethylene vinyl alcohol
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scaffold was prepared using blowing agents based on carboxylic
acids, which are made to react by heating, and followed by the
release of CO2 and water molecules.99 In the physical blowing
method, gas type, polymer composition, and molecular weight
affect the resulting porosity. Amorphous PLGA with CO2
acting as blowing agent can form a well-developed pore
structure. This is a better strategy as opposed to crystalline
PLGA due to increased gas dissolution in the amorphous
polymer than its crystalline counterpart. Other gases like N2
and He are also used to create porosity in PLGA. However, the
pore structure is very fine.100 A mixture of PLLA dissolved in an
appropriate solvent containing dispersed ammonium bicarbon-
ate salt particles was cast in a mold and subsequently immersed
in a hot water solution.101 As a result, ammonia and carbon
dioxide were given off within the solidifying polymer matrix.
The expansion of pores within the solidifying polymer created
macropores with diameters ranging from 300 to 400 μm. A
combined approach of salt leaching and gas foaming can further
improve pore interconnectivity in polymeric foams.101

2.6. Porosity Using Polymeric Sponge Replication.
This technique using a sacrificial polymeric foam is popular in
producing macroporous ceramics and metals. One of the
common sacrificial synthetic polymeric sponge template
materials is polyurethane (PU). The polymeric template is
soaked several times in a slurry of appropriate powders to
impregnate the templates, and the leftover is drained and
removed (squeezing the sponge to get rid of the excess slurry).
The dried template is subsequently heat treated to decompose
the organic sponges (pyrolysis). After the removal of the

polymer template, the ceramic or metal structures are sintered
at higher temperatures for the densification of strut walls
(Figure 6a). Porosity content up to 90% can be obtained with
open and interconnected cell sizes ranging from a few hundred
micrometers to several millimeters.24,87,102,103

2.6.1. Metals. It is advantageous to start with a good
dispersion and favorable rheological properties. A PU sponge is
coated with a slurry consisting of TiH2 powders, dispersant(s),
and a binder. After the pyrolysis of sponges and conversion of
TiH2 to Ti metal, macroporous Ti scaffolds with dense struts
are produced.104 Compared to powder consolidation (e.g., dry
pressing), slurry coating can create better packing uniformity in
the green body, which leads to a better microstructural control
during subsequent sintering.105 Three-dimensionally (3D)
interconnected porous TiNi scaffolds were also fabricated
using this technique. The ultimate green scaffolds were heated
at 400 °C for 2 h to burn out the polyurethane sponges and in
high vacuum. The final pore content ranges from 65% to 72%
and from 250 to 500 μm in size.106

2.6.2. Ceramic. The macroporous scaffolds have been
prepared from HA with this technique. They showed a highly
anisotropic pore structure with elongated pores parallel to the
direction of the elongation of the polymeric sponge. Porous HA
scaffolds with single and double coats showed porosity content
of 82%, and 76%, respectively. The ranges of pore size were
obtained parallel and normal to the direction of pore elongation
roughly 700−950 μm and 750−1100 μm.107

2.7. Gel Casting. Gel casting is a near-net-shape method,
which yields high homogeneity and strength of the green

Figure 6. Random porosity generation by (a) polymeric sponge replication for metals and ceramics, (b) gel-casting for polymers, metals, and
ceramics, and (c) sol−gel process for glasses and glass-ceramics.
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bodies.108 As shown in Figure 6b, powders, organic monomers
such as a mixture of methacrylamide and N,N′-methylenebis-
(acrylamide), binders, dispersants, and solvents are mixed
together to form a slurry. Next, a cross-linking reaction occurs
when an initiator such as ammonium persulfate and catalyst
such as N,N,N′,N′-tetramethylenediamine are added to cause
an in situ polymerization of the green body. After solvent
evaporation, the polymer (gel) acts to bind the powders and
preserve the desired shape. The success of this technique
depends on the production of well-dispersed and highly solid-
loaded suspensions (up to 50 vol %).108 The optimum
concentration of the dispersant, the solid content, and times
of mixing are important variables for the success of this
technique.108,109

2.7.1. Bioglass. Gel-casting method combined with stereo-
lithography was applied to fabricate of bioactive glass-ceramic
(55-SiO2; 41-CaO; 4-P2O5; mol %). A polymeric negative
(replica of the desired structure) was obtained by stereo-
lithography. The slurry was cast into the molds and then
polymerized (gel-casting method). After sintering at 1300 °C,
scaffolds with interconnected porosities, three-dimensional
channels of 400−470 μm, and micropores of 1.4 μm were
fabricated.108 One strategy to improve mechanical properties
can be sintering the foam at a relatively low temperature, taking
advantage of viscous flow sintering with minimal crystallization.
45S5 Bioglass (Na2Ca2Si3O9) powder was added to PVA−
water solution to prepare a bioglass slurry. A double coating of
PU template was performed, dried, and then sintered using
viscous flow sintering. The ultimate scaffold showed porosity of
90% and a cell diameter of 510−720 μm.110 Gel casting can
also be combined with foaming process. The mixture was
vigorously agitated to produce foam with the help of the
surfactant before polymerization step and introducing initiator.
An open-porous structure of bioactive glass (49.46% SiO2,
36.27% CaO, 6.6% Na2O, 1.07% P2O5, and 6.6% K2O, in mol
%) could be fabricated with interconnected pores exceeding
100 μm in diameter while maintaining the amorphous structure
of the glass. The porosity content of the final scaffold can be
adjusted through glass powder composition and content,
selection of the monomer, cross-linker, catalyst, initiator,
dispersant, and surfactant. The size distribution of the glass
powder particles appeared to be critical for sintering efficiency
as also discussed previously.111

2.7.2. Ceramic. Gel-casting was also applied to porous or
dense ceramic with or without the foaming step. Sepulveda et
al. produced porous hydroxyapatite (HA) foams by introducing
a foaming step into the original process prior to gelation.91,92

The HA foam showed a better-interconnected pore structure as
compared to those produced by the sacrificial space holder
technique. The onset time of polymerization is a critical factor
in the processing of ceramics. This factor is influenced by the
number of variables such as the solid concentration, initial
temperature, and pH. HA scaffolds were fabricated using this
technique with 90% porosity and spherical interconnected
pores with sizes ranging from 20 to 1000 μm.91,92,112

2.7.3. Metals. The gel-casting or gel-casting-foaming
technique was adopted for metallic materials as well.113 Ti−
Mo and Ti−Nb alloys implants were fabricated with the gel-
casting technique followed by sintering.114 Initially, a premixed
solution of the monomer and the cross-linkers was prepared by
dissolving the polymers in deionized water at room temper-
ature. Next, slurries were formed by adding elemental or
prealloyed powders of Ti−Mo and Ti−Nb to the premixed

solution. A suspending agent was used to obtain uniform slurry.
The extents of solid loading, the monomer content, the ratio of
monomer to the cross-linker affect the success of the process
initially. The high temperature sintering conditions dictate the
development of mechanical properties. By changing these
variables, the volume of a polymeric network between the
powder particles can be adjusted to vary the porosity content.
The final scaffold showed total porosity content range between
39% and 50% and a pore size range of 5−120 μm. Furthermore,
it was shown that the architecture of pores can be altered by
changing the sintering conditions, leading to the formation of a
three-dimensionally interconnected porosity.114 As shown in
Figure 5iii, with the increase of Mo content, the pore diameters
and their connectivity increased for Ti−Mo alloys with the Mo
content up to 17.5 wt %. A few closed-cell pore were located on
the wall and edges of macropores can be seen. The pore
diameter of Ti-7.5Mo, Ti-12.5Mo, and Ti 17.5Mo alloys were
98, 102 and 110 μm, respectively.

2.8. Other Fabrication Methods. 2.8.1. Bioglass.
2.8.1.1. Melt-Quenching Route. This is a traditional method
for bioglass fabrication. In this technique, oxides are melted
together at high temperatures in the range of 1100−1300 °C in
a platinum crucible and quenched in a graphite mold (to form
rods or monoliths) or in water (to form glass-frits).115,116 An
important example is 45S5 bioglass. This technique can be
adopted in combination with the other methods such as rapid
prototyping and dip-coating processes to produce high porosity
and interconnectivity. A melt-derived bioglass 45S5 can be
crushed into fine powders for preparing the glass slurry. A
commercially rapid-prototyped manufactured 3D graphite
network can act as a template and uniformly dip coated with
melt-derived glass slurry. A dip coated template can then be
heat-treated at 900 or 1000 °C to remove the graphite template
and sinter the glass−ceramic walls. The resultant scaffolds have
high porosity content of 95%.117

2.8.1.2. Sol−Gel. This technique is a low-temperature one
using organometallic reagents and simple to control. As shown
in Figure 6c, the sol mixture composed of an organometallic
alkoxide precursor, salt, and catalyst undergoes hydrolysis and
condensation to form a gel. The condensation is catalyzed by
adding an acidic compound upon completion of the hydrolysis
stage. After the viscosity of the sol starts to rise, the sol is
transferred to molds and sealed for aging. Aging takes place at
specific temperatures for specific time periods. Subsequently,
the gel is dried, and it gets thermally stabilized at temperatures
typically varying in the range of 600−800 °C. Thermal
stabilization allows for partial densification of the ma-
trix.115,118,119 58S is an example of bioglass prepared by the
sol−gel technique.116 Sol−gel glass showed highly mesoporous
structure compared to melt-derived bioglass and with a large
content of nanoporosity in such products.115 The glass
composition, surfactant, and gelling agent concentration are
the factors that affect the development of the pore network
structure.119,120 Polymerization-induced phase separation was
adopted to fabricate porous ceramics with nano/macro-bimodal
pore size distribution.121,122 Generally in this approach, after
mixing the appropriate constituting starting materials, polymer,
or the gelation catalyst, the solution sits at a specific
temperature in order to undergo the aging process and
subsequent transition into thermodynamic phase separation.
Finally, it gets thermally stabilized.123 The SiO2−CaO and
SiO2−CaO−P2O5 were also fabricated using polymerization-
induced phase separation simultaneously with the sol−gel
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transition when a water-soluble polymer such as (poly(ethylene
oxide)) or a triblock copolymer (poly(ethylene oxide)−block−
poly(propylene oxide)−block−poly(ethylene oxide)) was
added to the sol−gel solution. The scaffold contained bimodal
pore size distribution with interconnected macropores of 10−
200 μm.121

2.8.2. Polymer. A number of techniques have been
introduced to fabricate porous polymeric scaffolds, including
phase separation process, fiber debonding, melt blending, and
electrospinning, which are discussed as follows.
2.8.2.1. Phase Separation. The thermally induced phase

separation processes involve liquid−liquid or solid−liquid
separation that occurs in polymer/solvent mixture. This leads
to the production of scaffolds with porosity content up to 97%.
In this technique, thermal energy can be applied to separate the
solution into a polymer-rich and a polymer-lean phase. This
occurs by lowering the solution temperature below its solubility
temperature or by adding a nonsolvent to the solution (Figure
7a). Scaffolds obtained with this technique are highly porous
and can contain tubular pore morphology and extensive pore
interconnectivity.124,125 However, it is difficult to achieve a
precise control of scaffold morphology. The pore morphology
and porosity can be controlled by varying the polymer
concentration in solution, the volume fraction of the secondary
phase, quenching temperature, polymer and solvent nature, and
incorporation of inorganic particles.126,127 PLA was produced
by using the thermally induced liquid−liquid phase separation
and also solid−liquid phase separation. The addition of a
nonsolvent (e.g., water) to polylactide−dioxane mixture can
induce liquid−liquid phase separation of the polylactide
solutions through the formation of cocontinuous phases. This

produced isotropic foams with interconnected pores of 1−10
μm in diameter.128 The solid−liquid separation of polylactide
in pure dioxane produced highly anisotropic macroporosity.

2.8.2.2. Fiber Bonding (Unwoven Meshes). Fibers, if
bonded together, can result in 3D structures with large surface
areas and highly porous scaffolds. The fibers can be attached to
each other via two different techniques. First, fibers (e.g.,
poly(glycolic acid), PGA) are immersed into a relevant solvent
(e.g., PLA in chloroform). When the solvent evaporates, the
network of PGA fibers is embedded in PLA. This fabrication
technique yielded foamed-structures with porosities as high as
81% and pore diameters of up to 500 μm.129 The second
approach is bonding PGA fibers through atomization of PLA or
PLGA to coat the fibers. PLA or PLGA is dissolved in
chloroform and sprayed onto the PGA fibers. Pore sizes similar
to those of the first approach can be attained.130

2.8.2.3. Melt Blending of Two Immiscible Polymers.
Cocontinuous blends comprising PLA/PCL can be prepared
by melt processing. By controlling the concentration and
subsequent annealing step (above the melting temperature), it
is possible to optimize the sizes of the cocontinuous phases. By
subsequent extraction of the selective porogen phase like PCL,
a fully interconnected porous PLA material with a void volume
between 50% and 60% and pore size between 1.5 and 88 μm
can be produced.131 It is noted that pores in scaffolds prepared
by polymer leaching are characterized by the interconnection of
cylindrical pores. This is completely different than those
scaffolds fabricated with the other techniques where the larger
pores are generally interconnected through smaller openings.65

This approach is able to produce controlled pore diameters
with narrow pore size distribution and possessing substantial

Figure 7. Random porosity generation by (a) Phase separation for polymers, (b) conventional electrospinning for polymers and polymer/ceramics,
(c) melt electrospinning or direct writing for polymers, and (d) wet electrospinning.
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interconnectivity. Scaffolds with pore sizes from 1 μm to
hundreds of micrometers can be fabricated by this technique,132

which is shown in Figure 5iv. The increase in the annealing
time leads to significantly increased phase and pore sizes over a
wide range of scale.
2.8.2.4. Electrospinning. Electrospun scaffolds promote

better cell/matrix interaction through the fabrication of
macro- to nanoscaled fibers mimicking the size ranges of the
extracellular matrices due to large surface to volume ratios. In
this technique, a polymer solution is injected from an
electrically conductive spinneret (needle) until it reaches a
collector. A high voltage is applied from the tip of the spinneret
to the collector, which is placed at a fixed position from the
spinneret. When the electric potential applied to polymer
solution overcomes the surface tension of formed droplet
(Tylor cone), polymer jets eject from the needle and get
collected onto the collector.133 This result in an unwoven and
randomly oriented fibrous polymer mesh with varying fiber
diameter from 100 nm to a few micrometers based on
particular polymer solution and electrospinning parameters
(Figure 7b). The electrospinning process is inherently unable
to control pore size and pore arrangement with regards to
internal channels. However, the morphologies of electrospun
scaffolds can be tailored through fabrication parameters. These
parameters include concentrations of polymer solutions or
voltage between nozzle and collector.134,135 This technique is
applicable to a variety of synthetic, natural polymer,
biocomposite of polymer and CaP or MgP.133,136 Synthetic
polymers including polyesters such as PCL,137 PLA,138 PLGA,
PGA,139 poly(glycerol sebacate) (PGS),140 PU141 and function-
alized polyolefins such as PVA,142 poly(N-isopropylacrylamide)

(PNIPAAM),143 etc. Natural polymers and proteins include
collagen,141 gelatin,141 silk,144 fibrinogen,145 elastin,146 and
polysaccharides like hyaluronic acid (HA),144 chondroitin
sulfate,147 dextran,148 alginate,149 chitin,142 chitosan150 etc.
One problem associated with electrospinning is small pore

sizes in scaffolds, which hinder cell infiltration in vitro and
tissue in-growth into the scaffold in vivo. Two approaches can
be employed to increase cell infiltration. In one such approach,
cells are electrosprayed into a solution prior to fabrication or
simultaneously adding cell during electrospinning. Another
approach is increasing the pore size in final scaffold, which is
discussed in the following.136 Several postprocessing strategies
can be applied to increase the pore size, including salt
leaching,151 cryogenic electrospinning,152 ultrasound, sacrificial
fibers,135 or special collection techniques. Higher pore sizes can
be produced by dissolving salt particles in the polymer solution
during and leaching out postelectrospinning.134 However, this
technique affects the surface properties of the nanofibers and
does not provide uniform morphology and stability.134

Ultrasonication is applied to reduce packing density of fiber
after electrospinning process that mechanically separates the
fibers and increases the pore size.153 Another strategy to
increase the pore size is coelectrospinning of sacrificial fibers
like PEO or gelatin with stable fibers. The removal of sacrificial
fibers after electrospinning creates larger pores. In one study,
the electrospun scaffolds comprised of PCL/collagen/HA,
along with PEO sacrificial fibers. Use of PEO fibers increased
mean pore size from almost 500 to 2000 μm, while enhancing
infiltration of mesenchymal stem cells (MSCs).135 By dissolving
the sacrificial fibers, the continuous sections within the scaffold
can be removed. The sudden removal of fibers can cause

Figure 8. (i) Morphology of the electrospun fibrous meshes: (A) conventional electrospun mesh of PCL/Col showed fibers with diameters in the
sub-micrometer range, (B, C) scaffolds based on PCl/Col cospun with PEO or gelatin. Coelectrospinning performed using the modified system
yielded meshes with two different fiber groups noticeable by their difference in size (B, PCL/Col-PEO; C, PCL/Col-Gel). Using the modified
electrospinning system with an increased PCL/Col solution concentration and selective leaching of a water-soluble fiber phase (poly(ethylene oxide)
(PEO) or gelatin) resulted in fibers with micrometer-sized diameters. (D, E) Electrosprayed Heprasil in the structure of PCL/Col-Hep; image E
could not be observed under SEM due to the dehydration process during specimen preparation. The resulting PCL/Col fiber diameters in all groups
are shown graphically in part F. Scale bars are 5 μm in parts A and B and 20 μm in parts C−E.155 Reproduced with permission from ref 155.
Copyright 2008 American Chemical Society. (ii) Scaffold with nine layers fabricated via electrospinning-based rapid prototyping (a) 0°/90° pattern,
(b) 45°/135° pattern, and (c) 45°-twist pattern.156 Reproduced with permission from ref 156. Copyright 2015 Emerald Publishing Limited.
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reorganization and contraction among fibers. This might block
the newly created pores and collapse the mesh network of
scaffolds.154,155

Electrospraying of hydrogels onto scaffolds during spinning is
yet another strategy for increasing pore sizes. Fibrous PCL/
collagen meshes with regions rich with the HA hydrogel were
produced using this technique.155 One of the problems
associated with this technique is a nonuniform distribution of
the hydrogel. Figure 8i indicates the difference in the
morphology of scaffolds fabricated through conventional
electrospinning, coelectrospinning with sacrificial fibers, and
electrosprayed with hydrogel nanoparticles. Figures 8i-A−F
show as-electrospun meshes and their respective average fiber
dimensions, respectively. All fibers appeared to be uniform with
minor variations in diameters. Co-electrospraying a drug,
Heprasil, enlarged the fiber diameters slightly. The interfiber
distances and pore sizes appeared visibly larger in Heprasil
containing compositions.
An innovative technique to increase the pore size is to design

special collectors.134 In this technique, instead of the traditional
flat-plate collector, a grounded spherical dish and an array of
needle-like probes were used. This led to the three-dimensional
cotton ball-like PCL scaffold with low-density nanofibers. This
scaffold showed an open pore structure throughout, instead of
superficial porous structures, which is the characteristic of a
traditionally manufactured electrospun scaffold.
Electrospinning-based rapid prototyping (ESRP) technique

was also developed for the fabrication of scaffolds to control
deposition of fine fibers.156 PLGA and β-TCP nanocomposites
were fabricated with electrospinning-fused deposition model-
ing. Two different scaffolds with a simple design where

microfilaments deposited at angles of 0° and 90° and complex
design where microfilaments deposited at angles alternating
between 0°, 90°, 45°, and −45° to produce specific pore
architectures as shown in Figure 8ii.156 In this RP process of
fused deposition modeling, electrospinning is applied instead of
extrusion to generate a continuous fiber from a liquid solution.
The two structures showed significantly different pore sizes

and orientations. The results indicated that scaffolds with
complex architecture appeared to degrade more slowly than
those with simple architecture.157 Electrospinning using molten
nonconductive polymers instead of polymer solutions provided
more control over the path and collection of fiber (e.g., pore
morphology, size, shape, number, and porosity). This technique
led to the fabrication of tubular scaffolds of PCL with 20 μm
diameter by using a rotating collector on a translating stage. In
this technique of melt electrospinning, especially in conjunction
with direct writing process or programmable x−y stage,
matching of the translation speed of the collector to the
speed of the melt electrospinning jet is the key experimental
factor. This approach enables precise control of the location of
fiber deposition, fiber diameter, and winding angle158,159

(Figure 7c).
Dynamic liquid electrospinning technique is yet another

technique designed to improve cell infiltration and vasculariza-
tion. In this technique, electrospun nanofibers were deposited
and twisted into yarns in a water vortex before collecting on a
rotating mandrel. Preosteoblastic cells showed significantly
higher proliferation rates in vitro than their traditional behavior
on electrospun nanofiber scaffolds.160 In wet electrospinning,
the 3D scaffolds of PGA were fabricated by combining
electrospinning and wet spinning systems. In the combined

Figure 9. Random porosity generation by (a) plasma spraying of metals, (b) spark plasma sintering of metals, (c) metal injection molding, and (d)
hot isostatic pressing of metals.
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system, a spinning stainless bath filled with water and two
different solvents was used as a grounded fiber collector161

(Figure 7d). A low packing density of fibers can be achieved in
this method in which the solvent was removed by freeze-drying.
In another study, low density 3D scaffolds of poly(vinyl alcohol
(PVA)−methacrylate) (PVA-MA) were spun into a bath of
ethanol. Collecting fibers into liquid formed 3-D scaffolds
without fiber compaction and fusion, which is a characteristic of
solid form collection of fibers. However, the scaffolds
manufactured did not have a defined overall morphology.161,162

In another combined rapid prototyping−electrospinning
approach, (3D) scaffolds were fabricated by combining 3D
fiber deposition and electrospinning. Rapid-prototyping of
fibers provided an interconnected network of pores, while the
randomly oriented fibers of electrospinning improved low cell
seeding efficiency of rapid prototyping, leading to entrapping of
more cells.163

Finally, needleless electrospinning has been invented to
increase pore size compared to traditional needle electro-
spinning methods in which needles were used to eject polymer
solution into the electrical field. In this technique, instead of
generating a polymer jet from the needle, hundreds of jets of
polymers formed from the surface of the polymer solution by
means of rotating disks. At high rpm, the entire edge of the disk
is covered with a thin layer of the PCL solution. When the PCL
solution was charged with a high electrical voltage inside the

solution vessel, numerous jets or filaments were generated from
the edge of the disk, rotating at a high rpm. Fluffy three-
dimensional nano- and macroporous PCL scaffolds were
fabricated using disk-electrospinning with an average pore
size of 26 μm, which is higher than that traditionally obtained
with needle electrospinning.164

2.8.3. Metal. 2.8.3.1. Chemical Vapor Infiltration. Porous
metallic foams comprised of approximately 99% tantalum and
1% vitreous carbon can be fabricated by this process. The
product is processed via a chemical vapor infiltration (CVI) or
deposition (CVD) where pure tantalum metal is precipitated
into a reticulated vitreous carbon (RVC) skeleton. The
synthesis begins by pyrolysis of a thermosetting polymer
foam (e.g., PU) precursor to obtain a low-density vitreous
carbon skeleton. This carbon skeleton has a repeating
dodecahedral array of pores (about 700 μm) interconnected
by smaller openings or portals (about 500 μm). Tantalum
metal is subsequently deposited onto the carbon skeleton to
create a porous metal construct. This material is comprised of
75−85% void space (pore volume) and is characterized by
continuous interconnecting pores.165,166

2.8.3.2. Plasma Spraying. This technique can be used to
create porous surface coatings on solid substrates and also fully
porous structures where porous blocks can be cut from the
sublayers using electric discharges.167 An electric arc is
generated between two water-cooled electrodes in a gun. The

Figure 10. (i) NiTi alloy made by combustion synthesis with the help of ZrH2 as foaming agent and TiB2 as endothermic agent. (a) Ni powder
classification = fine, and Ti powder denomination = fine; (b) Ni powder denomination = coarse, and Ti powder denomination = fine; (c) Ni powder
denomination = fine, and Ti powder denomination = coarse.171 Reproduced from ref 171, published by MDPI. (ii) NiTi parts made by metal
injection molding: (a) powder particle, (b) distribution of secondary phases after HIP (1065 °C, 100 MPa, 3 h), (c) microstructure of NiTi sample
made by MIM (1250 °C, 5 h, residual porosity 10%), and (d) detail of image c.177 Reproduced with permission from ref 177. Copyright 2012
Springer. (iii) High porosity and large pore size shape memory alloys fabricated by using pore-forming agent (NH4HCO3) and capsule-free hot
isostatic pressing. Optical micrographs of porous samples (a) without use of NH4HCO3 and (b) with 8.3% NH4HCO3.

183 Reproduced with
permission from ref 183. Copyright 2007 Elsevier.
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arc heats a gas to temperature as high as 36000 °F, partially
ionizing it and forming a plasma jet. As shown in Figure 9a, the
powder is injected into the plasma gas environment through a
career gas. They are accelerated to a high speed, melted, and
impacted onto the target substrates. Porous coatings with
varying degrees of porosity and also graded porous coatings can
be created on the substrate by adjusting the spraying
parameters. The parameters include spraying distance between
the substrate and nozzle, the flow rate of the transport gas,
spraying power, and spraying pressure, as well as coating
thickness (spraying time) in the case of fabrication of graded
porous coatings.168

2.8.3.3. Combustion Synthesis. These reactions have the
ability to generate high temperatures resulting in intermetallic
compounds. Various processing parameters, including the
particle size of reactant powder, the use of a binder, and the
compaction pressure can affect the final microstructure and
porosity. The process was used in fabricating porous NiTi alloy
foams. The pore distribution was inhomogeneous and nonuni-
form but open and interconnected. Such foams have potential
biomedical applications even though their shape memory
behavior can be less than dense samples produced by
conventional techniques.169,170 Figure 10i shows that initial
particle sizes of Ni and Ti affected the ignition temperature of
the combustion reaction and the final microstructure of foams.
By increasing the viscosity of the melt during the combustion
foaming, the mechanical properties of NiTi foams can be
controlled by reducing the rupture of cell walls and pore
growth. Increasing the powder particle sizes of both Ni and Ti
reduces the exothermicity of reactions, thus reducing the
porosity content and their sizes. Nonspherical pores and large
pore diameter can also be prevented by using diluents to
control the exothermicity.171

2.8.3.4. Electrical Field Activated Sintering and Powder
Metallurgy. This is an example of a rapid sintering process that
can effectively consolidate metal powders within a short time.
This technique avoids the main shortcoming of conventional
powder sintering with a lengthy furnace cycle.172 The technique
is also known under different names, such as field assisted
consolidation technique (FAST),173 spark plasma sintering
(SPS), plasma activated sintering (PAS), and electrical
discharge compaction (EDC). Porous titanium implants were
commercially manufactured with EDC.174 The simultaneous
application of electrical discharges along with pressure is the
common theme in all of these methods. Products manufactured
from Ti and Ti alloys are examples of successful applications of
this technique. It has been argued that there is local generation
of gas-plasma, which can melt local oxide surface films on the
particles. This ensures good particle-to-particle bonding.175

However, this hypothesis is not unequivocally proven. Several
examples are discussed in the following.
2.8.3.4.1. SPS. This technique can be used to fabricate

porous metal alloys, intermetallic materials and composites.176

Porous Ti and Ti5Mn alloy foams were prepared by the
addition of both TiH2 as a foaming agent and ammonium
bicarbonate (NH4HCO3) as a space holder. The process is
explained in Figure 9b.
2.8.3.4.2. EDC. This technique is capable of compaction as

well as sintering of powders at the same time by discharging
high voltage and high-density current in a short time less than
300 μs. The energy is instantaneously applied into the powders.
The voltage and current values are simultaneously monitored.
One issue associated with this technique is the formation of

several comparatively large holes at the cross-section of central
solids, which can affect the mechanical properties. Alternatively,
multiple electrodischarging treatments in a low vacuum
atmosphere resulted in graded porosities in Ti compacts.
With more treatments, the density of initially formed compacts
expanded outward, thus giving a gradient in pore content. In
another variation, fully porous microstructures were produced
with applications of electrical discharges to spherical Ti-
powders.174

2.8.3.5. Metal Injection Molding (MIM). This technique can
be applied to produce dense yet porous near-net-shape parts
like NiTi or titanium alloys. As shown in Figure 9c, this process
deals with the mixing of metal powder with or without a space
holder (to act as the porogen) with one or more polymer
binders in order to make the feedstock. This homogeneous
mixture is then injected into a heated MIM tool to reach the
mold. After cooling, the manufactured part in the mold, binder,
and spacer are removed. Finally, sintering under vacuum is
carried out to yield finished products.177,178 Porous titanium
was fabricated using NaCl as the space holder, followed by
MIM. The results indicate that content of NaCl influences the
porosity in titanium significantly, creating porosity in the range
of 42−72% and pore sizes up to 300 μm.179 Figure 10ii-a−d
shows the evolution of pore morphology and size of oxygen-
containing Ti2Ni and TiC phases of starting powder after HIP
(conducted at 1065 °C, 100 MPa, 3 h) and after MIM
processing (sintering at 1250 °C, 5 h). With increasing
sintering temperature, coarsening of both phases and increase
in pore size took place, which is more noticeable in the case of
oxygen-containing Ti2Ni phase.

2.8.3.6. Hot Isostatic Pressing. Ti and Ti alloy powders, as
well as TiNi, can be compacted with this technique. In
conventional hot isostatic pressing (HIPing) powders are
encapsulated in a can under a vacuum and compacted at high
temperature with high gas pressure. This creates products with
very little porosity. In comparison, a capsule-free HIP is useful
for producing porous structures. In this technique, powders are
cold pressed and then presintered at moderate temperatures.
Afterward, the compacts are subjected to the HIP procedure.
Porous manufactured parts using this technique showed nearly
spherical pore shapes,180 albeit with very low porosity content
and small pore size. Combining with other methods such as
using space holders plus gas expansion can create different
porosities and pore morphologies and increased pore size.181

HIP was applied to compress and trap Ar gas bubbles between
metal (e.g., TiNi) powders. Sintering at reduced pressure leads
to the expansion of trapped gas in the softened material at
temperatures below melting. Subsequent sintering at a
temperature above the melting temperature of NiTi resulted
in Ar bubbles escaping to the top of the melt (Figure 9d).
Using this technique, parts with different pore structures can be
fabricated. In one variation, specimens with 50% porosity but
with an average pore size of approximately 20 μm can be
produced. Alternatively, specimens with 42% porosity and an
average pore size of approximately 0.5 mm can be fabricated by
slightly varying some of the HIP parameters.182 The space
holder technique in conjunction with HIPing can be also used
to fabricate porous metal scaffolds, resulting in high porosity
with large pore sizes. As an example, NiTi shape memory alloys
were fabricated by using a pore-forming agent and capsule-free
hot isostatic pressing process, which is shown in Figure 10iii.
The porosity increased linearly with the addition of NH4HCO3
as a space holder and reached as high as nearly 50%. The
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samples showed uniform pore distribution with most pores
larger than 300 μm. Also, the pore shape is regular with less
sharp angles and corners (Figure 10iii-b).183−185

2.8.3.7. Layer-by-Layer (LbL) Technique in Fabricating
Orthopedic Biomaterial Scaffold: Layer-by-Layer Assembly.
This technique involves layer-by-layer (LbL) deposition of
metal nanoparticles (NPs) on polymeric surfaces, which may
have potential applicability in biomaterials. In one study, LbL
was successfully used to decorate electrospun nanofibers where
Au NPs were incorporated in the pores and on the surface of
polymeric hollow fiber membranes in order to modify the pores
of hollow fibers without pore blockage. This strategy can
enhance properties of as-fabricated scaffolds in terms of water
permeability, contiguity, etc. The scaffolds showed maximum
pore size of 0.5 μm. The incorporation of NPs occurs onto the
fiber membranes via alternating adsorption of polyelectrolytes
and negatively charged Au NPs. The stability of the deposited
thin films is highly dependent on the solution pH and on the
type of solubilized ions.186−188

2.9. Solid Free Form Fabrication (Porosity by Design).
A large number of rapid prototyping (RP) or solid freeform
fabrication techniques have been widely studied and used in
fabricating porous structures. In RP, the digital representation
of an object is mathematically sliced into a number of thin

layers. Afterward, the layers are built and fused together to form
3D objects. These techniques are applicable in fabricating
polymers, ceramic, and metals, both porous bioresorbable and
nonresorbable. Examples of RP processes include stereo-
lithography (STL), selective laser sintering (SLS), fused
deposition modeling (FDM), and direct 3D printing. These
techniques provide more control over fabricating of scaffolds
with reproducible porosity and defined interconnectivity,
geometry, orientation, and pore size due to selective spatial
features of the scaffolds.189,190 Hence, these processes are
grouped together by their ability to create pores by design.
FDM and SLS need thermoplastic polymers, STL requires the
use of radical initiated polymerization, and 3DP includes the
use of solvents and binders. Direct RP is usually associated with
an anisotropic shrinkage during manufacturing. To address the
limitations of direct RP, indirect Solid Freeform Fabrication
(SFF)/RP has been developed for a variety of biomaterials,
including ceramic slurries cast in STL fabricated molds.
Designing of molds, casting methods, and mold removal
techniques are the concerns of indirect RP. The main difference
between direct RP and indirect RP is that in the former case,
the scaffold is directly processed from a biomaterial, while in
the latter; the scaffold is cast and processed in a RP mold.

Figure 11. Generation of porosity by design using (a) stereolithography for polymers and polymer/ceramic slurries, (b) selective laser sintering for
polymers, ceramics, metals, and composites, (c) 3-D printing for polymers, ceramics, metals, and polymer/ceramic, (d) fused deposition modeling
for polymers, (e) low-temperature deposition modeling, and (f) bioextruder (single material deposition).
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2.9.1. Laser-Based Manufacturing. 2.9.1.1. Stereolithogra-
phy (SLA). This is an important process among RP techniques,
has been commercialized in 1988 (by 3D Systems Inc.), and is a
laser-based system. In this technique, a UV laser scans over the
top of a bath of a photopolymerizable liquid monomer. Laser
initiates the photopolymerization process and controllably
solidifies the resin. After formation of the first layer (2D layer)
of the solid structure and adherence onto the support platform,
the platform is moved away from the surface and liquid resin is
recoated onto the built surface to solidify the second layer. As
the depth of curing is slightly larger than the initial platform
step, the 3D object is manufactured gradually through
polymerization of the unreacted functional group by the
forming of the second layer (Figure 11a). Once the formation
of 3D structure is complete, the excess resin is drained. The
finished model is further cured with UV to complete all the
polymerization reactions and remove the surface irregularities.
Polymers such as poly(ethylene glycol) (PEG) acrylate, PEG
methacrylate, poly(vinyl alcohol) (PVA), and modified
polysaccharides, such as hyaluronic acid and dextran meth-
acrylate, polypropylene fumarate anhydride, and poly(ethylene
oxide) (PEO) have been subjected to this technique. Multiple
open channel geometries, including ellipses and rectangles,
were developed to study the perfused culture of cells.

Rectangular open channels with final dimensions of 350 μm
by 850 μm were employed for subsequent studies that
prolonged the maintenance of albumin production throughout
the 7-day culture relative to 2D controls.191

A visible light-based projection stereolithography system
(VL-PSL) has received attention due to a combination of high
resolution, high fabrication speed, and possibility of culturing
the live cells into the scaffold for organ printing. This method is
based on projecting an entire image onto the surface of
monomer solution to polymerize a whole layer. Poly(ethylene
glycol) diacrylate (PEGDA) scaffolds were manufactured
utilizing a visible light activated initiator and square shaped
pore size of 300 μm × 300 μm that incorporated human
adipose-derived stem cells as shown in Figure 12i.192,193 To
build a different architecture, it was important to determine the
optimal concentration of the initiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP)). Various examples of
successful attempts of architecture are shown in Figures 12i-
A−D. The porous-1 design included pores formed by creating
voids, 500 μm in diameter, through the y-axis (Figure 12i-B).
The lattice-like porous-2 structure was designed using
intersecting beams, 150 μm × 150 μm in height and width,
spaced such that the resulting pore size was 300 μm × 300 μm
(Figure 12i-C,D). Initially, a low concentration of 0.2% LAP

Figure 12. Evaluation of VL-PSL of cell laden scaffolds: (A−D) 3D models designed for (A) solid, (B) uniaxial (porous-1), and (C, D) biaxial
(porous-2) porous structures. (E−H) The internal architectures of porous-1 PEG scaffolds produced with different initiator concentrations of LAP.
The distance between 2 neighboring tubes was indicated by the white lines in parts E and G. Black circles in parts F and H indicate the approximate
inner surface of the pores in porous-1 structures. The dimensions of the intended pore diameter of these structures were indicated by white lines,
revealing the differences in fidelity of the photo-cross-linking using different LAP concentration. (I, J) The internal architectures of porous-2 PEG
scaffold produced with different initiator concentrations. Bar in A, B = 2 mm. Bar in C = 1 mm. Bar in D = 200 μm. Bar in E, G = 1 mm. Bar in F, H,
I and J = 500 μm.192 Reproduced with permission from ref 192. Copyright 2013 Elsevier. (ii) Selective laser-melted Ti6Al4V bone scaffolds: (A) unit
cells of the designed Ti6Al4V scaffolds, (B) optical light microscopy images of the as-produced Ti6Al4V scaffolds, (C) SEM images of the as-produced
Ti6Al4V scaffolds, and (D) 3-D models from the micro-CT data sets of the as-produced Ti6Al4V scaffolds.202 Reproduced with permission from ref
202. Copyright 2012 Elsevier. (iii) A 3D printed composite calcium phosphate and collagen murine femoral scaffold with microporosity and plate-
like crystal: (a) murine-sized scaffold representing the geometry of the femoral middiaphysis. Scale bar is 250 μm. (b, c). The 3D printing process
produces scaffolds with intrinsic microporosity, primarily in the range of 20−50 μm. Scale bars are 100 μm (b) and 10 μm (c). (d) Plate-like crystal
growth occurs on the surface of unreacted calcium phosphate particles, which increases the specific surface area for protein or drug adsorption. Scale
bar is 1 μm.208 Reproduced with permission from ref 208. Copyright 2014 Elsevier.
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was needed for the accurate 3D reproduction of the porous-1
design. As LAP concentration increased, the strut diameter
decreased and distances between two struts increased (Figure
12i-E−H)). A concentration of 0.6% LAP was needed in
precisely replicating the CAD design in porous-2 structure
(Figure 12i-J). At 0.4% LAP, the individual layers were not
strong enough to support stacking of the subsequent layers,
resulting in an imperfect structure (Figure 12 i-I).192

The PCL scaffolds were manufactured via solvent-free
stereolithography.194 In solvent-free SL, photo-cross-linkable
polymer was heated above the melting temperature to obtain
an appropriate viscosity for use in the SL method, which
prohibits the use of a solvent. As solvents were not used,
material shrinkage does not occur for this technique after
drying of the scaffolds. Therefore, the scaffolds accurately
represent the exact structure modeled by computer-aided
design for porosity, pore size, and interconnectivity. The
scaffolds had porosity content of 70.5%, and the average pore
size was 465 μm.
2.9.1.1.1. Ceramic. The SL technique has been adapted for

the fabrication of three-dimensional (3D) ceramic by adding
ceramic powders to photosensitive resins. This technique,
called ceramic stereolithography (CSL), needs the preparation
of photosensitive ceramic suspensions. The laser beam
polymerizes ceramic slurries layer by layer. After building the
green body, the binder is removed and then sintered.
Osteochondral scaffolds, based on β-TCP and collagen, with
700−900 μm pore size, 200−500 μm interconnected pores size
(fully interconnected), and 50−65% porosity were manufac-
tured with CSL combined with gel casting.195

2.9.1.2. Selective Laser Sintering (SLS). In this technique, a
computer-controlled CO2 laser beam selectively scans over a
bed of powder to sinter thin layers of powder material.
Exposure to high temperatures fuses particles together to form
3D objects through melting or sintering. After finishing the first
layer, a new powder layer is deposited by a roller, and the laser
beam sinters the powder to form a new layer. This process
continues until the building of the whole object is over.196 At
the end of the steps, the unbound powder is extracted from the
product (Figure 11b). This technique does not require the
binding of toxic components such as organic solvents, and it is
applicable for polymer, ceramic, and multiphase metal
materials.
2.9.1.2.1. Polymer. Both semicrystalline and amorphous

thermoplastics have been subjected to SLS. Powders of the
relevant polymers can be mixed homogeneously with NaCl
powder as the porogen followed by sintering. A 3D
interconnected flow-channel scaffold reached a high porosity
content of 80% and pore sizes of 100−200 μm.197 During
sintering, the unwanted powders might bond to the pore
channel interior surfaces, resulting in the actual total porosity of
the scaffold being less than the nominally designed porosity.
SLS processing parameters, including the laser power, the bed
temperature, layer thickness, and hatch distance and the scan
speed are the variables that affect the architecture of scaffolds.
Biodegradable polymers such as PVA, PCL, PLLA, and PLGA
and nonbiodegradable polymers PEEK, PE, and UHMWPE
have been processed using the SLS method.
2.9.1.2.2. Ceramic/bioglass. SLS of ceramic materials can be

performed either directly using powder or slurry or indirectly in
which polymers can be used as binders with ceramic/bioglass
powders. In the latter case, sacrificial molten polymers (lower
melting point) are used to obtain a green part of ceramic

(higher melting point). This actually is the binding mechanism
to fuse layers in 3D structures.198 Selective laser sintering (SLS)
or selective laser melting was applied to produce bioglass
scaffolds with five different pore geometries with 50% porosity,
including gyroid, diamond, cubic, and spherical architectures, to
study cell growth. The findings indicated that gyroid and
diamond geometries provided sustained cell proliferation for 6
days of incubation compared to other scaffold architectures of
cubic, spherical, and X geometries. SLS provides flexibility in
the fabricating of complex pore geometries and lattice
structures, as they do not require support structures during
the part fabrication.199

2.9.1.2.3. Surface Selective Laser Sintering (SSLS). SSLS
was also developed to manufacture the composite scaffolds of
poly(lactic acid) (PLA) and TCP. In this technique, volume
absorption of the CO2 laser does not happen. Instead, the
melting of particles occurs by laser radiation in the near IR
range (λ= 0.97 μm) by a small number (≤0.1 wt %) (up to 10
W) of carbon or gold nanoparticles uniformly distributed on
the polymer surface. This technique prevents overheating of the
polymer and the associated changes in the structures.200

Cylindrical scaffolds with 3 D orthogonal periodic porous
architectures were built from PCL using SSLS.201 In HA−
polyamide scaffold, it is reported that the average pore width,
the proportion of pores of a suitable size, and open porosity are
affected by the layer thickness of the powder bed. When the
thickness of the powder layers is large, it can result in a lower
extent of fusion between particles, lower densification, and
higher open porosity.

2.9.1.2.4. Metals. Introduction of powerful, high-quality
lasers has prompted their utilization in fabricating biometallic
scaffolds through the selective laser melting (SLM) technique.
Structures made of Ni−Ti shape memory alloys for spinal,
orthopedic, and dental applications have been fabricated by
SLM.202 For example, as shown in Figure 12ii for Ti6Al4V
scaffolds, the pore architecture in the horizontal plane could be
precisely reproduced from respective CAD models. SEM
images did not reveal any closed pores. In most situations,
there were no significant differences between the designed and
as-fabricated pore and strut sizes.
The final product reached approximately the same level of

porosity of 77.5% compared to the porosity value of 76% using
microcomputed tomography.203 Ti6Al4V was fabricated via
selective laser powder remelting/direct laser forming (DLF)
with nominal average pore sizes of 500, 700, and 1000 μm. The
particles stuck to surfaces were removed by sand blasting as a
finishing step. In the SLM technique for metal powder
processing, particles are partially melted and immediately
sintered, leading to suboptimal bulk density. However, in DLF,
metal particles are completely melted and fused in the focal
area of the laser beam, which results in fabrication of parts with
a wall density of almost 100% and improved mechanical
properties. In DLF, the model of final 3D structure is split into
layers with a defined thickness. This technique usually requires
minimal surface finishing after manufacturing.204

2.9.1.3. Electron Beam Melting (EBM). This technology
opened up a new fabrication possibility for the next generation
of custom designed and fabricated implants made of metals.
EBM has a greater energy density as compared to SLS/SLM.
This reduces fabrication times and consequently reduces the
manufacturing costs. The major difference between EBM and
SLS is that the EBM process uses an electron beam to melt the
powder, while SLS and SLM use a laser to melt the powder.
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The input of high energy can fully melt the metal powder
particles, resulting in a dense wall with better control of the
mechanical properties of the fabricated porous parts. This
technique also eliminates expensive secondary processing, such
as machining, forging, swaging, or forming. Melting the Ti6Al4V
powder layer by layer by an electron beam and direct
solidification of the melted powders creates porous Ti6Al4V
parts with porosity ranging from 49.75% to 70.32% and pore
sizes ranging from 765 to 1960 μm. Parts are fabricated in a
vacuum chamber to eliminate impurities. Finally, blasting the
porous structure with a high-pressure air stream containing
silicon microbeads removes loosely stuck titanium powders.205

An interesting variation can be to combine EBM with freeze
casting. The electron beam melting can be used along with
freeze casting technique for fabricating of composite scaffolds,
such as the titanium scaffold manufactured via EBM. After
manufacturing the porous Ti, a solution of chitosan/HA was
cast onto the porous Ti scaffold and then lyophilized. The
ultimate scaffold was highly porous with interconnected pore
architecture.206

2.9.2. Printer Based Manufacturing. 2.9.2.1. 3D Printing.
In this technique, an inkjet deposits a binder drop solution over
a bed of powder. After the first layer is printed, a fresh bed of
the powder layer is deposited and the printing cycle continues.
The layers merge together when a fresh layer is printed onto
the object until the whole model is created (Figure 11c). This
technique has the limitation of removing the internal unbound
powder, which affects the porosity content. Ceramics,
polymers, and metals can be processed by inkjet 3DP.
Biopolymers like starch, dextran, and gelatin are printed using
distilled water as the binder. In ceramics, the binder can be
water-soluble polymeric binder gluing the particles together and
forming 3D objects via drying. During the process of 3D
printing, the creation of random microporosity is also possible.
The microporosities can be created from the space between the
individual granules of powder. The particle size of powders
affects the pore size distribution within the powder bed. The
pore architecture can be varied via selective bonding of
powders. Larger particles have lower surface per volume and are
easier to spread. They result in larger pores during fabrication
and create more homogeneous parts since the binders can
penetrate better into the powder bed. On the other hand,
smaller particle sizes are required to achieve finer details in
microscale features.207

2.9.2.1.1. Ceramics. CaP−collagen scaffolds were manufac-
tured via inkjet printing. CaP powder is bonded by an aqueous
binder of phosphoric acid solutions in low-temperature 3D
printing where collagen also is dissolved into the binder
solution. The solution is delivered from the inkjets, and
bonding occurs through a dissolution−precipitation reaction. In
this scaffold, use of different average powder sizes of 30, 50, and
70 μm did not significantly affect porosity and pore size
distributions, and the final 3D printed scaffold indicated pore
sizes in the range of 20−50 μm. To create macropores of 0.5
mm, NaCl was used as the porogen208 as shown in Figure 12iii-
a−d. In another study, low-temperature direct 3D printing was
also applied to produce self-setting cement implants of brushite
and monetite as bone graft substitutes. Similar blocks with
different channel geometry, consisting of either brushite or
monetite with open pore channels (diameter of 1.3 mm, depth
of 8 mm) and closed pores (diameter 1.3 mm, depth of 6 mm)
were fabricated.209 Parameters including powder characteristics
(e.g., particle composition, size, and distribution), binder

characteristics, and the process conditions (e.g., binder
saturation, layer thickness and orientation, and location of the
made-up parts) are controlling factors in this technique. For
instance, the macropore interconnectivity, macropore dimen-
sion, and model accuracy for calcium phosphate scaffold
decreased with the increase of binder saturation level.210

2.9.2.1.2. Metals. Titanium scaffolds with bimodal pore sizes
and customized geometries are fabricated using suitable binder/
powder/solvent systems. The parts can be subsequently
sintered in a furnace to obtain enough strength. The surface
and internal channels of the scaffolds were further coated by
TiO2 and HA. The total porosity was above 80%, 70% due to
the pores created by design and 13−16% due to the pores
produced by the process. The size of the pores was 23−25 μm
and 1200−1400 μm for pores created by the process and pore
created by design, respectively. After sintering, a linear
shrinkage of 14−18% had occurred.211

2.9.2.1.3. Melt Infiltration after Creating Ordered Polymer
Templates by 3D Printing. 3D printing was applied to fabricate
a positive template of an acrylic polymer. The temporary
polymeric template was infiltrated using a specially formulated
sodium chloride (NaCl) slurry. Complete removal of the
polymer by burning resulted in a negative NaCl template with
the 1 mm × 1 mm square pore spacing. The negative template
was used to infiltrate with liquid Mg in a furnace under a high
purity protective gas atmosphere. Removal of the NaCl by
solvent washing results in Mg porous scaffolds with ordered
porosity, reproducing the macroscopic features of the CAD
models.212

2.9.3. Nozzle-Based Manufacturing. The class of nozzle-
based systems is available in a wide variety of configurations.
Generally, fine nozzles can be used in complex designs, while
larger nozzles are used for conventional sections.213

2.9.3.1. Fused Deposition Modeling (FDM). The fused
deposition modeling (FDM) process was invented in 1990.214

In this process, the candidate material in solid filament form is
fed into a liquefier in order to create a semiliquid viscous melt.
The melt or the softened material is extruded through a nozzle-
head to deposit the melt material onto the building platform to
form a layer. The liquefier can move in the horizontal XY plane
generating heat and pump the filament through the nozzle onto
the building platform. Once the top layer is completed, the
stage moves down to deposit the next layer (Figure 11d).
Biopolymers such as poly(ethylene glycol terephthalate)−
poly(butylene terephthalate) (PEGT/PBT), PCL/CaP, poly-
(glycolic acid) and poly(lactide-co-glycolide), hydroxyapatite, β-
tricalcium phosphate, and biphasic calcium phosphates using a
negative-mold RP technique are examples of materials
manufactured using this technique. FDM process has many
variations, such as precision extrusion deposition (PED), 3D
fiber deposition, precise extrusion manufacturing (PEM), and
multiphase jet solidification (MJS). All of them are based on
gross material melting. Yet other AM modifications such as
pressure-assisted microsyringe (PAM), low-temperature depo-
sition manufacturing, 3D bioplotting, robocasting, direct-
writing, and solvent-based extrusion-free forming are most
commonly used without material melting.207,215 Due to
possible changes in properties of materials at high temper-
atures, researchers replaced the melting process with a
dissolution process by adding a solvent.216

2.9.3.2. LDM. Low-temperature deposition manufacturing
(LDM) is a type of melt−dissolution deposition that has the
ability to fabricate scaffolds with heterogeneous materials and
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gradient hierarchical porous structures (Figure 11e). Poly(L-
lactic acid)/(tricalcium phosphate) composite scaffolds with
porosity content up to 89.6% were fabricated using LDM. The
LDM process has the capability to incorporate biomolecules
and also preserve bioactivities of scaffold materials due to its
nonheating liquefying materials.217 Multinozzle low-temper-
ature deposition manufacturing (M-LDM) is an improved
version of LDM. This incorporates more jetting nozzles into
the system. This technique resulted in functionally graded
scaffolds with a range of materials and pore morphologies.133

2.9.3.3. Bioextruder. The main advantage of this technique is
high reproducibility at a low cost. A large number of nozzle
diameters ranging from 0.1 to 1 mm can be used.218 Two
different deposition mechanisms are possible in this technique:
A rotational one for multimaterial deposition actuates by a
pneumatic system. The second type of bioextruder is the single-
material deposition, which is based on the extrusion process.
Extrusion/deposition process of thin semimolten filaments is
controlled by the liquefier temperature (LT), screw rotation
velocity (SRV), deposition velocity (DV), and slice thickness
(ST). These are important variables in this technique (Figure
11f). Among those parameters, DV and SRV have the highest
influence on the porosity of structure for PCL scaffold made by
layers of directionally aligned microfilaments.207,214

2.9.3.4. Three-Dimensional Fiber Deposition. Three-dimen-
sional (3D) fiber deposition represents a modified 3D
plotting.190 Parameters such as the fiber diameter (depending
on the nozzle diameter), the space between two continuous
fibers within the same layer, and the thickness of each layer
dictate the formation of the final 3D structure219 (Figure 13a).
Recently, hollow fibers were found to be useful in biomedical
fields such as controlled tissue growth and drug delivery. 3D
fiber deposition has the ability to fabricate hollow fibers with a
tailored cavity spacing and wall thickness. This can be

accomplished by extruding a molten blend of two or more
miscible and immiscible polymers and by taking advantage of
encapsulation of one by the other in the molten state.
Parameters such as the relative contents of the constituents
in the blend, the blend composition, and the extrusion nozzle
diameter dictate the dimensions of the hollow cavity diameter
and shell thickness. High strength cell-laden 3D structures with
built-in microchannels were fabricated using hollow filaments
based on calcium alginate. Controlling the cross-linking time
can be used to fuse adjacent hollow filaments in layer-by-layer
fabrication of the 3D structure. Curved, straight, stretched or
fractured filaments can be formed by changing the filament
extrusion speed or the platform movement speed.220

2.9.3.4.1. Metals. 3D porous Ti6Al4V scaffolds were directly
fabricated by 3D fiber deposition (3DF). Scaffolds with
different structures were fabricated by changing fiber spacing
and fiber orientation (or deposition angle). 3DF is able to
provide good control and reproducibility of the desired degree
of porosity and the 3D structure.221

2.9.3.5. Bioplotter/Three-Dimensional Plotting. This tech-
nique was developed to produce scaffolds for soft tissue
engineering and hydrogel purposes.222 Computer-controlled
deposition through a moving extruder head (x-y-z control) of
material onto the stationary surface can create a layer-by-layer
deposited object.222 Continuous dispensing of microstrands or
a discontinuous dispensing of microdots is possible via this
technique.223 Compressed air is applied to eject a liquid or
paste in plotting liquid media. The strand thickness can be
varied by altering material viscosity, deposition speed, tip
diameter, and the applied pressure215 (Figure 13b). Cell-laden
gelatin−methacrylamide scaffolds were bioplotted with 100%
interconnectivity. Increasing the gelatin concentration resulted
in faster physical gelation and, therefore, more spherically
deposited strands and pores. Additionally, precise temperature

Figure 13. Generation of porosity by design using (a) 3-D fiber deposition, (b) bioplotter, or (c) robocasting.
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control during the printing process creates the possibility to
fabricate constructs with an interconnected pore network.224

Examples of uniform and gradient pore-size containing scaffolds
with different pores structures and sizes are shown in Figure
14i-a−d. Robocasting is also developed based on the bioplotter
principle, which is discussed in the following.
2.9.3.6. Robocasting/Direct Writing Assembly. This is a

robot-assisted deposition technique and uses filaments of
materials. A computer controls the deposition of highly
concentrated (typically 50−65 vol % ceramic powder) colloidal
ceramic slurries.207 In most cases, the robocasting setup has a
stationary dispensing head, while the fabrication platform
moves in the planar and vertical field.215 This technique is
different from FDM as it does not rely on solidification or
drying to retain its shape after extrusion (Figure 13c).
The flocculated colloidal suspensions (or gels) are used as

inks for robocasting of ceramics. Filament formation and initial
shape retention are achieved by tailoring the ink viscosity, yield
strength, and drying kinetics.225 Robocasting in air enables ink
deposition through nozzles with diameters exceeding 500

μm.226 β-TCP scaffolds consisting of a 3-D network of β-TCP
rods with an average diameter of ∼200 μm and with tailored
geometry and mesoscale porosity were fabricated with this
technique, which is shown in Figure 14ii-a−e. For this study,
concentrated β-TCP inks suitable for this fabrication route were
optimized. Powder size and morphology was shown to play a
major role in ink performance. Powders with reduced particle
size and low specific surface area are more suitable for ink
preparation.227 This scaffold was printed at 10 mm/s speed
through a tip of 250 μm diameter. An average linear shrinkage
of around 20% was measured after sintering, and spacing
between lines was around 75 μm. Typically, robocasting is a
suitable technique for fabricating structures with characteristic
feature sizes (i.e., line diameter and spacing) ranging from 100
μm to 1 mm.220

2.9.3.7. Solvent-Based Extrusion-Free Forming. This is a
ceramic processing technique developed to produce bioceramic
scaffolds. In this technique, a continuous flow of materials in
the form of paste or particulate slurries is dispensed onto the
surface with a three-axis table and extruder mounted on the z-

Figure 14. (i) Three-dimensional plotted scaffolds with controlled pore size gradients: CAD 2D sections, pore size along the scaffolds, 3D models,
and SEM pictures for both homogeneous and pore size gradient PCL scaffolds designed and produced by 3D plotting technique.244 Reproduced
with permission from ref 244. Copyright 2011 Elsevier. (ii) The morphology of mesoscale porous β-tricalcium phosphate scaffolds fabricated via
robocasting and then sintered at 1300 °C for 2 h: (a) general view, (b) XY plane view, (c) detail of the β-TCP rods, (d) detail of the rod surface, and
(e) cross-section view showing the microstructure within the rods. Note in part e the presence of microcracks (marked by arrows) and the clearer
secondary phase related to liquid present during sintering.227 Reproduced with permission from ref 227. Copyright 2006 Elsevier. (iii) Structures
fabricated by solvent-based extrusion free forming: (a) periodic woodpile structure (4 layers) fabricated with LMT (La(Mg0.5,Ti0.5)O3) paste; (b)
Circle ring structure (2 layers) fabricated with quartz paste; (c) cylindrical structure (8 layers) with alumina paste.228 Reproduced with permission
from ref 228. Copyright 2010 Elsevier. (iv) Porous titanium scaffolds fabricated via indirect RP: (A) Top and side profiles of a porous titanium
scaffold with 59.1% porosity, (B) SEM of porous titanium scaffolds with pore sizes of 200, 300, and 400 μm. The scaffolds’ porous characteristics
were governed by a sacrificial wax template, fabricated using a commercial 3D-printer.239 Reproduced with permission from ref 239. Copyright 2008
Elsevier.
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axis. A 3D motion system is also incorporated with the nozzle.
Solvent-based extrusion free forming is a relatively simple
process in which phase change is based on solvent evaporation.
Paste with high mechanical strength is also prepared by mixing
appropriate polymers, ceramics, or metals and a solvent with
specific ratios.207 During extrusion, the material is in the liquid
state so that extrusion pressure is low. After extrusion, the
material changes rapidly into a solid state without sagging or
other deformation defects. Control of colloidal forces is related
to liquid-to-gel transition. To generate highly concentrated
stable dispersions, the parameters of pH, ionic strength, or
solvent quantity can be improved. Various suspensions for free
forming, such as poly(vinyl pyrrolidone) (PVP) sol−gel ink
and polyelectrolyte ink such as poly(ethylenimine) (PEI) have
been processed.213,228 Figure 14iii shows different examples of
building a complex ceramic 3D structure with different shapes
and porous characteristics via this technique.
2.9.3.8. Direct Writing/Direct Ink Writing. A wide range of

inks can be patterned in both planar and 3D shapes where
feature sizes are smaller than those achieved with 3D inkjet
printing. In this technique, which is an extrusion-based system,
compressed air is used to eject inks with controlled rheological
properties through an individual nozzle. The dispensing process
is controlled by motion control software, which provides
accuracy and reproducibility of XYZ positioning of the
dispensing nozzle. Printing speed and pressure, which depend
on ink rheology and nozzle diameter, are the viable parameters.
A wide range of inks including colloidal suspensions and gels,
nanoparticle-filled inks, polymer melts, fugitive organic inks,
hydrogels, sol−gel, and polyelectrolyte inks have been
processed via direct-write assembly.207,226 Chitosan scaffolds
of diamond and orthogonal geometries led to the creation of
different pore morphologies in scaffolds. The scaffold showed
76% and 79% porosity content, respectively, and pore size of
150 to 600 μm.229 Poly(lactic acid) and a bioactive CaP-glass
with two patterns of orthogonal and displaced double layer
were fabricated in order to study pore size and pore distribution
in the axial and transverse direction. The idea behind choosing
different printing patterns was to decrease the pore size in the
axial direction and increase that along the transverse one.
Composite scaffolds showed lower porosity of 70%, whereas
the polymer scaffolds (just PLA) with the same geometry
showed 75% of porosity. This suggests that a lower content of
polymer (the shrinkable phase during solvent evaporation) in
the composite led to less shrinkage, smaller pore size, and lower
porosity. Moreover, in both patterns, these scaffolds showed a
combination of porosities from macroscale due to the initially
designed pore size to the micro- and nanoscale due to the
presence of glass particles and to the pores left by solvent
evaporation.230

2.9.3.9. Bioprinting. Bioprinting is a versatile nozzle based
RP technique that enables generation of 3D heterogeneous
structures by precisely depositing polymers, biomolecules, and
cells. The advantage here is its ability to construct
heterogeneous tissues such as osteochondral tissues containing
live cells and bone.231 Using this method, (CAD/CAM)-based
bioprinters can construct organs or tissues of viable cells and
biomaterials within the exact space where they anatomically
exist.232 Composite mixtures of osteoblast-encapsulated
collagen hydrogels and chondrocyte-encapsulated HA hydro-
gels were subjected to this process. The idea was to fabricate
three-dimensional osteochondral constructs. The bioprinted
collagen-hydrogel and HA hydrogels showed pore size

diameters of 59.3 ± 33.7 μm, and 114.9 ± 95.3 μm,
respectively. In vitro results indicated that viability and
functions of each cell type were well maintained within the
3D structures for up to 14 days.233 In another study, a cell-
laden structure consisting of a PCL framework, chondrocytes,
and osteoblasts was also produced with this technique. In the
PCL scaffold, PCL line width was adjustable from 50 to 275 μm
by changing the nozzle size, pressure, and feed rate resulting in
pore sizes ranging from 50 to 600 μm. Interestingly, separately
dispensed cells remained in position up to 7 days without
significant fusion; however, conventional cell seeding methods
are unable to achieve a separated cell arrangement. The
flexibility of this technique leads to the generation of
sophisticated designs and concurrently enables the direct
recruitment of live cells.234

2.9.4. Indirect RP. Molds designed by a 3D CAD system
with various pore patterns (round and square cross section,
perpendicular and 60° orientation) can be manufactured via the
3D printer technique and subsequently impregnated with
calcium phosphate slurries.235 Wax inkjet printing allows for
processing calcium phosphates into scaffolds with tailored
architecture of pores and resulting-in mechanical properties.
Molten wax is printed dropwise layer by layer on a building
platform by a moving print head. After one layer is completed,
the wax is built to a predefined slice thickness, the building
platform is lowered, and the next layer is printed. Once the
printing process is finished, the support wax and also residual
wax are removed by a solvent. Then, the negative mold
(printed wax mold) is used as the mold for casting a low
viscosity ceramic slurry or cement paste. After drying the
ceramic slurry, the wax, and the binder are removed by
pyrolysis. Finally, the ceramic mold is sintered to yield final
product.235,236 This technique was also adopted for a composite
of ceramic-polymer. The manufactured ceramic mold was used
to prepare ceramic−polymer composites via casting of the
polymer.66,235,237,238 Indirect 3D printing of mold for a porous
metallic scaffold was employed to produce 3D printed titanium
scaffold. The porous architecture of scaffolds was controlled by
a sacrificial wax template. By altering the wax design of
templates, pore sizes ranging from 200 to 400 μm were
produced as shown in Figure 14iv. The scaffold is a negative
replica of the wax-template with interconnected networks of
pores. The predominant factors governing the pore architecture
in titanium scaffolds were the diameter of the struts in the
sacrificial wax template unit-cell, as well as their height and the
spacing. Both macro- and micropores existed in the as-
fabricated scaffold. The powder metallurgical parameters were
improved to generate fully interconnected pore networks with
reproducible porosity and pore size of the titanium scaffolds.
The controlling parameters include slurry concentration,
compaction pressure, and sintering temperature.239

3. EFFECTS OF POROUS BONE SUBSTITUTION ON
BIOLOGICAL RESPONSE

Macroporosities play major roles in responses in vitro with
regard to cell penetration and in vivo with respect to tissue in-
growth, vascularization, and osteointegration. If pores are too
small, cell migration is limited, resulting in the formation of a
cellular capsule around the edges of the scaffold and
osteochondral ossification. If pores are too large, there is a
decrease in specific surface area reducing the ligand density
available for cells to bind. On the other hand, the pore sizes in
the range of nano- and micrometers tend to modulate cell
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differentiation and increase the protein adsorption. In view of
these observations, a brief discussion on the correlations
between pore sizes and the respective biological responses is
provided in the following.
3.1. Macroporosity. 3.1.1. Pore Size and Porosity. The

effect of different porosities and pore sizes on the extent of
osteogenesis in vitro and in vivo has been studied. In one study,
the influence of the porosity (25%, 65%, and 75%) of β-
tricalcium phosphate (TCP) ceramics on osteogenic differ-
entiation of mesenchymal stem cells (MSC) was investigated
both in vitro and in vivo. Alkaline phosphate (ALP) activity, a
marker for osteogenic differentiation, was monitored in the
aforementioned samples. Of the samples evaluated, the ALP
expression was higher for the 65%, followed by 75% and 25%
porosity containing samples. However, the specific ALP
expression increased from day 1 to 21 and reached similar
levels in all three specimens in vitro.240 This suggests that
higher porosity of scaffolds does not necessarily translate to a
higher ALP activity. There are other important factors such as
distribution of pores, size of the pores, and surface structure
that would play an important role in osteogenic differentiation.
There have been several studies focused on finding the
optimum pore size. The minimum recommended pore size
for bone substitute biomaterial is 100 μm.241 Titanium plates
with four different pore sizes of 50, 75, 100, and 125 μm were

implanted in rabbit femoral defects under non-load-bearing
conditions. The results indicated that bone in-growth was
similar in all the pore sizes suggesting that 100 μm may not be
the critical pore size for non-load-bearing conditions.242 As
opposed to that, there have been reports of the ability of the
cells to proliferate and differentiate on porous Ti scaffolds with
larger pore sizes between 313 and 390 μm. This resulted in
enhanced ability to restore cancellous bone defects due to
higher proliferation and bone in-growth compared to those
with average pore sizes of 180 μm.
Nevertheless, porous titanium with an average pore size of

180 μm promoted more cell differentiation at the beginning.243

Similarly, the effect of optimum pore size in scaffolds of
collagen−glycosaminoglycan (CG) was investigated on osteo-
blast adhesion and early stage proliferation up to 7 days
postseeding. These composite scaffolds with pore sizes ranging
from 85 to 325 μm showed maximum cell numbers in scaffolds
with the largest pore size of 325 μm. However, an early high
cell number was also reported for the scaffolds with a mean
pore size of 120 μm at time points up to 48 h postseeding.80

This shows the importance of smaller pore size in the scaffold
for initial attachment and bigger pore size for cell penetration
and sustained cell proliferation. In view of these observations,
gradient scaffolds were recently developed, which have shown
higher cell seeding efficiency compared to monomodal

Figure 15. (i) Three-dimensional scaffolds cultured with preosteoblasts at 28 days for both uniform (inverse opal scaffolds) and nonuniform pore
sizes and structures: inverse opal scaffolds with pore sizes of (a) 211 and (b) 313 μm, respectively, and (c) a nonuniform scaffold. Magnified views
are shown in the right column.246 Reproduced with permission from ref 246. Copyright 2010 American Chemical Society. (ii) Fracture surfaces of
HA and β-TCP scaffolds with the same porosity of 50% and a mean pores size of 100−300 μm, and a mean interconnection size of 30−100 μm: (a,
b) after 14 days of culture, and (c, d) after 28 days of culture. (a) β -TCP, showing numerous osteoblasts (short arrows) colonizing macropores near
the contact surface (CS) between material and cells, (b) HA, showing a few osteoblasts (short arrows) located inside the pores near the CS, (c) β
-TCP, showing osteoblasts (short arrows) going through the porous interconnection (long arrow), (d) HA, showing an osteoblast (short arrow)
spreading across an interconnection (long arrow) and connecting two macropores.253 Reproduced with permission from ref 253. Copyright 1999
Springer. (iii) The structure of the bond between bone and porous silicon-substituted HA shows organized crystallites of bone apatite after 6 weeks
in vivo. (a) Apatite crystallites penetrated into the strut porosity (arrow), and also (b) apatite crystallites overlaid the Si-HA granules displaying
darker contrast (arrows).255 Reproduced with permission from ref 255. Copyright 2006 John Wiley and Sons.
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scaffolds,244 while higher proliferation and differentiation of
MSCs at 14 days were observed on the monomodal PCL
scaffolds.245 This likely is due to more nutrition access for cell
proliferation.245 As opposed to those studies mentioned in the
above, it is reported that the scaffolds with uniform (inverse
opal scaffolds) size revealed a higher diffusion rate, a uniform
distribution of cells, and a higher degree of differentiation of
cells, as can be seen in Figure 15i. Such structures (pore size
∼211 μm) contained a large amount of inorganic and organic
ECM. Very little fibrous organic ECM was deposited on the
walls of pores of average size of 311 μm (Figure 15i-b). Also,
most of the small pores were full of fibrous organic ECM
(Figure 15i-c).246

Recently, there has been interest toward finding an optimum
pore size in vivo, resulting in initial angiogenesis with
subsequent to osteogenesis. The repair of bone defects depends
on sufficient vascularization. Biphasic calcium phosphate
particles with pore sizes in the ranges 40−70, 70−140, 140−
210, and 210−280 μm were implanted in cranial defects, and
angiogenesis and vascularization were monitored for 28 days.
The results showed that the functional capillary density was
significantly higher with ceramic particles with pore sizes
between 210 and 280 μm than those with pore sizes less than
140 μm. Also, the newly formed bone deposited within the

implants increased as the pore size increased.247 Likewise, the
results on porous β-TCP with different macropore size ranges
of 300−400, 400−500, 500−600, and 600−700 μm and same
interconnection size of 120 μm showed that the amount of
fibrous tissue in-growth increases with the decrease of the pore
size.248 Thus, this study showed that the diameter of a pore
smaller than 400 μm limits the growth of blood vessels and
results in a smaller blood vessel diameter.248

3.1.2. Interconnectivity and Permeability. Interconnectivity
is required for the transport of nutrients and waste for bone
growth. Permeability is related to interconnectivity or accessible
pore size to ensure ease of flow. From this perspective, the
aforementioned terms interconnectivity and permeability are
synonymous. Permeability depends on pore shape, orientation,
and size.249,250 For instance, the permeability of collagen−GAG
scaffolds increased when the pore size increased.251 Inter-
connectivity and permeability affect molecular transport, and
non-interconnected pores lower the diffusion efficiency. An in
vivo study on porous Ti scaffolds revealed that well-
differentiated cells prefer pores with wider pore openings
than those with narrow opening, which inhibit tissue
differentiation in pores.252 Two scaffolds of hydroxyapatite
(HA) and β-tricalcium phosphate (β-TCP) with the same
porosity content of about 50% and a mean pores size of 100−

Figure 16. (i) Histological images show bone in the macropores. (a) Bone (∗) is present within scaffold macropores (★) and directly apposes
scaffold rods (☆). (b) Aligned osteoblasts (→) deposit osteoid (▷) that subsequently undergoes mineralization and adipocytes constitute some of
the loose connective tissue in the macropore space (⧫). (c) Blood vessels of varying sizes, including both veins (▶) and arteries (→), are present in
macropores. (d) Osteoclasts (⇒) resorb bone, leaving scalloped edges (→). Mineralized bone, pink/red; osteoid, blue/purple; soft tissue, blue; cell
nuclei, dark blue; cell cytoplasm, light blue. This shows the combined effect of BMP-2, a potent osteoinductive growth factor, and multiscale porosity
BCP scaffolds, which implanted into porcine mandibular defects for 3, 6, 12, and 24 weeks.257 Reproduced with permission from ref 257. Copyright
2010 Elsevier. (ii) Orthotopic bone formation in vivo on trimodal scaffolds (TMS) (size of segmental bone defect, 16 mm): (A) Micro-CT analyses
at week 4, 8, and 12. (B) Quantitative histograms of bone formation at week 12. BMD, bone mineral density; BV/TV, bone volume/total volume;
Tb Th, trabecular thickness; Tb N, trabecular number; Maximum load, the maximum bending load of the regenerated rabbit radius. TMS/rhBMP-2
showed a rapid bone bridging, basically recanalized medullary cavity, and completed reunion of the defects at week 4, 8, and 12, successively, while
both the bimodal groups exhibited imperfect regeneration outcomes. Asterisks indicate significant differences, p < 0.05.259 Reproduced with
permission from ref 259. Copyright 2016 Elsevier.
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300 μm but different interconnection sizes of 30−100 μm were
fabricated. The in vivo results revealed that the 20 μm
interconnection size only allows cell penetration and chondroid
tissue formation. However, the size of the interconnections
must be over 50 μm to favor new bone in-growth inside the
pores, as shown in Figure 15ii.253 In Figure 15ii-a−d, the
cellular morphology is similar for both biomaterials. A cellular
layer spreads on the surfaces of the materials evenly covering
the opened macropores. On the broken surface of discs,
osteoblasts are observed to colonize the macropores. After 28
days of culture, their penetration is greater than that at 14 days
(Figure 15ii-a,b). Some osteoblasts were observed in the
interconnections (Figure 15ii-c,d).
3.2. Microporosity. Recently there have been interesting

efforts toward the development of biomaterial with multiscale
osteointegration ability.53 This results in the fabrication of
scaffold with multiscale porosity of macro- and micropore (<10
μm) size.31,53 The combined macroporosity with microporosity
interconnectivity translated into a scaffold with no “dead
space”, or discontinuities of bone. Multiscale osteointegration
in the scaffolds with macroporosity increases bone-scaffold
interface area by orders of magnitude compared to scaffolds
without microporosity. There has been some evidence of bone
growth into micropores at the periphery of scaffolds254,255 and
also deeper into struts.53,256 TEM images of Figure 15iii-a,b
show organized crystallites of bone apatite apposed to the
mesoporous Si-HA implant and penetrating into the strut
porosity after 6 weeks in vivo. Interestingly, in several regions,
the apatite crystallites did not appear to directly abut against the
implant surface, but instead they appeared to overlay the Si-HA
[Figure 15ii-b]
The results from in vivo application of biphasic calcium

phosphate scaffolds infused with bone morphogenetic protein-2
(BMP-2) showed that osteointegration into macropores
improves when struts contain micropores (Figure 16i).257

Figure 16ii-a−d shows histological images of biphasic calcium
phosphate scaffolds implanted into porcine mandibular defects.
Figure 16i-a shows that the mineralized bone located in
macropores is directly integrated with calcium phosphate struts.
Figure 16i-b depicts that osteoblasts align along an osteoid
seam adjacent to the mineralized bone. The figure also shows
the presence of adipocytes within macropores. Blood vessels,
including arteries and veins of varying sizes, are visible within
macropores (Figure 16i-c). Finally, Figure 16i-d presents clear
proof that osteoclasts actively resorb mineralized bone, as
evident by the presence of scalloped edges.
A study of porous HA scaffold with two different

microporosities of 10% and 20% with total nominal porosity
of 70% and 80% was performed. The results showed that within
a short-term after implantation of the bone graft the scaffold
with higher microporosity of 20% for both nominal porosities
presented higher early bone integration and mineral apposition
after 3 weeks. However, at 24 weeks a dominant factor in
maintaining a high bone volume was total porosity or strut
porosity. The 80% porous HA with 20% microporosity was able
to maintain a high level of bone volume; while there was no
significant difference between 10% and 20% microporosity for
the 70% macroporous scaffolds. This suggested that higher
microporosity of scaffolds can accelerate mineral apposition and
osteointegration.258 In a recent study, a trimodal macro-,
micro-, and nanoporous bioglass scaffold (TMS) was loaded
with BMP-2. A mesoporous structure with an average
mesopore size of 7.5 nm was optimum for the entrapment of

BMP-2 molecule to achieve sustained release and enhance
bioactivity.259 The results showed excellent cell attachment, in-
growth, and osteogenesis in vitro.259 Figure 16 ii-A reveals
extensive bone formation throughout the entire defect site
loaded with BMP-2, while absence of BMP-2 causes no
satisfactory healing. Figure 16ii-B shows quantitative orthotopic
bone formation at week 12. The importance of mesopores (and
the sustained release of BMP-2) is clearly shown by the lowest
quantity of regenerated bone in the bimodal scaffold BMS-M/
rhBMP-2 group.
Habibovic et al.209 studied porous HA and BCP and reported

that there are synergic influences from microporosities. A
higher microporosity was inherently linked with a higher
specific surface area and hence could cause a major dissolution
of ions. The higher ion dissolution can facilitate apatite
formation in vivo, causing the coprecipitation of endogenous
proteins such as BMPs. The osteoinductivity in macro- and
microscaffolds was caused by the ability of scaffolds to entrap
and adsorb certain types of serum proteins circulating around
the biomaterial, which eventually controls cell fate.260 There-
fore, a combination of open macropores and interconnected
micro- and nanopores within a scaffold seems to lead to a rough
topography that encourages higher focal adhesion sites for cells
to attach and interact with the scaffolds. This eventually can
translate into cellular behavior such as adhesion, migration,
proliferation, and differentiation, which results in osteoconduc-
tivity and osteoinductivity of scaffolds.261,262

3.3. Incorporation of Biomolecules for Drug Delivery.
The porous structure inherently has the ability to incorporate
different types of therapeutic agents and regulate the release
profile. The pore size can be a controlling factor to customize
the release rate and release fraction of the exogenous growth
factors and other therapeutic agents. Scaffolds with different
macroporosity sizes between 180 and 720 μm showed a faster
release profile and higher release of BMP2 for 180 μm
compared to scaffolds with bigger pore sizes of 720 μm.
Releasing from porous material requires diffusion and transfer
of therapeutic agents. Diffusion of drug molecules is the main
mechanism of drug release. Larger pores in a scaffold means
there is more space in which drug molecules can diffuse. More
molecules must be released from the scaffold to fill these larger
pore spaces to reach the same concentration level as the smaller
pores. Thus, the average concentration of released growth
factors within the bigger pores is lower than that within the
smaller pores.
The therapeutic agents can be incorporated into ceramics

and polymer scaffolds through RP techniques, adsorption into
porous scaffolds using particles as carriers, and also self-setting
ability in the cement.263,264 Recently, the role of microporosity
is also examined in drug release and proved to be quite effective
in maintaining the sustained release profile of exogenic
factors.265 In one study, the role of nanopores in a mesoporous
titania film in Mg adsorption and release was investigated.266

Mesoporous films with average pore sizes of 2, 6 and 7 nm were
fabricated and used as implant coatings in order to control the
administration of magnesium to enhance initial osteoblast
proliferation in vitro. Results showed a sustained release from
all types of porous films. Higher magnesium adsorption was
observed in 2 and 7 nm films, and the 7 nm film had the
greatest effect on osteogenesis.266

3.3.1. Resorption of Bioceramics. The resorption behavior
of a bone graft substitute is affected by both chemical
composition and ultrastructure. Macropore size influenced the
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ceramic resorption and bone in-growth. β-TCP scaffolds with
four different pore sizes of 150, 260, 510, and 1220 μm were
fabricated. Resorption was significantly faster for a sample with
510 μm pores compared to the others, but it was also associated
with less bone formation and more soft tissue.267 High porosity
was seen to facilitate the resorption process as the pores’
external and internal surface areas are exposed to the medium.
This increases Ca and P ion release into the intercellular
medium for several micrometers beyond the graft.
Bohner and Baumgart268 developed a theoretical model,

which discussed the relationship between resorption and pore
size. They determined that in resorbable bioceramics with a
pore size range of 50−800 μm, it is the volume fraction of
macroporosity, the size of the implant, and the size of the pore
interconnections that are important, as opposed to the average
pore size. However, in nonresorbable materials, the sizes of
pores and their content are equally important.267 Recently, the
effect of different microporosity content (e.g., 10%, 25%) on in
vivo resorption of β-TCP scaffolds was also investigated, and no
significant differences were observed.269

4. MECHANICAL INTEGRITY OF POROUS SCAFFOLD

For proper implantation and tissue regeneration and implant
success, there must be a balance between porosity requirements
for transport of nutrients with resulting in-growth and
mechanical properties during and after healing.270 An important
requirement of a synthetic bone graft substitute is that it should
have a similar strength to that of the cortical or cancellous bone
being replaced. Furthermore, the moduli of elasticity of the
artificial substitute and the original bone should match. This
prevents stress shielding as well as protects against fatigue
fracture under cyclic loading.271,272 Although the mechanical
properties of scaffolds have been widely reported in the
literature, most studied mechanical properties have focused on
evaluating the strength and elastic modulus in compression of
the as-fabricated scaffolds or scaffolds that were immersed in an
aqueous phosphate solution such as a simulated body
fluid.273−275 Less attention has been paid to some load-bearing
bones, such as long limb bones, that are subjected to multiple
loading modes as well as cyclic loading.273 In addition, data for
the time-dependent mechanical response in vitro and in vivo273

and strength reliability or the probability of failure especially for
brittle materials under a given stress are other critically
important factors for the design of scaffolds for load bearing
applications.270,275 The introduction of new and more
sophisticated techniques for processing of scaffolds has allowed
for the fabrication of tailored porous architectures with
improved mechanical properties. In contrast, conventional
methods generate random pores. However, by carefully
monitoring the processing parameters, some kind of control
over the porous architecture can be achieved. For example, in
ceramic materials, this has been achieved by controlling the
sintering temperature.16

The degradation rate of the scaffold plays an important role
when comparing the properties of the degradable scaffold with
the in-grown bone. For slowly (or non) degradable materials
over the period of many weeks to years (e.g., HA), it is
imperative that the strength and stiffness would increase with
bone in-growth.270

Below are some examples in which the mechanical properties
can be tuned to match the growth of bone tissue through an
accurate design of porous characteristics.

Generally, it is demonstrated that pore size, fraction,
distribution, interconnection, and architecture have an
influence on the scaffolds’ mechanical properties. An increase
in the void volume content, macropore size, and interconnec-
tion in scaffolds with either designed pores or random pores
results in a reduction in mechanical strength of the
scaffolds.276−278 For instance, studies on HA scaffolds showed
that for a given pore fraction, smaller pore sizes yielded
consistently higher compressive strengths.279,280 Scaffolds based
on blends of starch with poly(ε-caprolactone) were fabricated
in homogeneous forms of 750 and 100 μm pore size and a
gradient porous structure comprised of both 100 and 750 μm.
The gradient macroporous scaffolds showed intermediate
mechanical strength compared with those with homogeneous
pore size distributions. Scaffolds with smaller homogeneous
pore sizes presented the highest stress, and the scaffolds with
larger homogeneous pore size showed the lowest values.244

This suggests that gradient scaffolds have the ability to tailor
mechanical properties of final scaffolds in a more complex way
than homogeneous scaffolds, which may lead to a better
compromise between enhanced mechanical properties and
necessary pore size for biological response.
The effect of micropore size on mechanical properties was

also investigated. HA scaffolds showed higher bending and
compression strength in the presence of smaller micropores of
an average size 5 μm compared to 16 μm.270 This suggests that
the composite scaffolds may yield tougher scaffolds through
providing a mechanism to impede crack propagation.28 In a
study,270 the mechanical behavior of porous HA and HA
scaffolds with multiscale porosity was evaluated in order to
investigate effects of average micropore size on strength and
reliability. The results showed that HA scaffolds with multiscale
porosity had strengths (8 MPa) closer to that of trabecular
bone (1−7 MPa).27,28 However, these values are much lower
than the 140−200 MPa range reported for cortical bone. The
microporous HA scaffold possessed better elastic properties
than those of cortical or trabecular bone. For example, the
elastic moduli of microporous HA scaffold from this study
(28−30 GPa) was greater than the reported moduli for
trabecular (11.4−18.1 GPa)27,28 and cortical bone (15.8−25.9
GPa).27,28 It is reported that in order to more closely match the
modulus of cortical or trabecular bone, the microporosity
content should be increased by decreasing the sintering
temperature and time.281,282 It is noted that the strength can
also be modified by modifying the strut diameter and the
spacing between the pores.
Pore morphology, orientation, such as aligned pores or

stacking direction, hierarchy, and anisotropy have also been
shown to significantly affect the mechanical properties.
Scaffolds based on poly(L-lactic acid) (PLA) and ceramic fillers
such as hydroxyapatite (HA) or β-tricalcium phosphate (β-
TCP) were fabricated through foaming techniques. The
structure showed anisotropy in morphology with pores
oriented along the foaming direction. Compressive analysis
demonstrated anisotropy in mechanical behavior, with an axial
modulus up to 1.5 times greater than the transverse
modulus.283 In a recent study, the effects of pore morphology
and pore shape anisotropy were studied on the fatigue
resistance, failure reliability, flexural strength, and compressive
strength in a highly porous three-dimensional glass−ceramic
scaffold and compared to the strength of trabecular bone such
as segmental bone defects (SBDs).284 The scaffold was
fabricated with direct ink writing with a variety of porosity
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contents (∼50%, ∼55%, ∼60%, and ∼70%; the diameter of the
deposited struts at ∼540 μm). The resultant scaffolds with
anisotropic hexagonal design demonstrated a high fatigue
resistance (1 000 000 cycles at 1−10 MPa compressive cyclic
load), failure reliability, and flexural strength (30 MPa)
compared to other conventional patterns (rectangular, curved,
and zigzag).284 Therefore, it appears that anisotropy in pore
geometry is a useful strategy in tuning mechanical properties
since bone can be considered as a hierarchically anisotropic
composite material with a high compressive loading along the
vertical direction. Thus, mimicking the architectural aspects of
Haversian channels may enhance the mechanical properties.
Other studies have shown that microporous (54−80 vol %)
bioactive glass scaffolds with hierarchical porosity can support
successful bone in-growth while maintaining adequate mechan-
ical properties (12−20 MPa).285,286

Polycaprolactone and poly(lactic-co-glycolic acid) scaffolds
with differently designed pore architectures (lattice, stagger,
and triangle types) and stacking directions (horizontal and
vertical directions) with identical porosity, line width, and pitch
were fabricated using a multihead deposition system. The
compressive strengths of the lattice-, stagger-, and triangle-type
scaffolds were 6.05, 7.43, and 9.81 MPa, respectively. The
compressive modulus of the triangle-type scaffold (178 MPa)
was the highest among the three types of scaffolds as was the
compressive strength. Also, the stacking direction affected the
compressive strength of the scaffolds as well as pore shapes.
The maximum compressive strength was achieved for the
horizontally stacked scaffold (10.7 MPa), which was superior to
vertically stacked scaffolds while being comparable to cortical
bone.274

Similarly, HA/TCP scaffolds were fabricated using wax inkjet
printing with different pore geometry of round and square cross
sections and also with perpendicular and 60° inclined
orientation. The scaffolds had average pore size of 300 μm
and different porosity. The maximum strength (1.3−27.6 MPa)
was observed for the scaffolds with the lowest amount of
porosity and round pore morphology.235 Additionally, they
found that the compressive strength of the scaffolds was mainly
influenced by the phase composition as well as the macro-
porosity content, although their influences exceeded that of
pore geometry.235

While it is an accepted fact that porous biomaterials with
tailored pore architecture can be fabricated using additive
manufacturing techniques, it is unclear how mechanical
properties, bone in-growth requirements, and manufacturing
constraints affect the final characteristics. In an interesting
study, tantalum scaffolds with tailored porosities were
fabricated using selective laser melting to create two high-
strength topologies, the tetrahedron and the octet truss.287

Keeping the pore size constant, the structures were processed
with four levels of pore content: 50%, 60%, 70%, and 75%.
These values correspond to pore sizes used in canine models
for bone in-growth study. The as-processed tetrahedron
topology had an average porosity content of 55.51% and an
average pore size of 438 μm. The manufactured octet truss had
an average porosity content of 69.88% and an average pore size
of 772 μm. The results showed that the maximum strength and
stiffness ranged from 31 to 227 MPa and 1.23 to 4.5 GPa,
respectively, for the two categories, and the maximum yield
strength is almost 5 times more than that of tantalum foams.
The results from this study showed that bone in-growth and
manufacturing constraints can be easily integrated into

architectural designs, which allow for a better understanding
of the interplay between mechanical properties, bone in-
growth, and manufacturing constraints, each affecting the
properties of porous biomaterial for orthopedic applications.

5. SUMMARY AND FUTURE DIRECTION
During the past decade, remarkable research on different
techniques has been devoted to producing porous biomaterial
scaffolds. The efforts resulted in better control in porous
structures and with improved properties. This paper reviewed
different processing techniques, as well as biological correlation
relationships with porous architectures of polymers, ceramics,
metals, and glasses. The major conclusions of the present
review are described in the following.
(1) Conventional techniques generate random pores.

Combination of techniques can result in better interconnectiv-
ity. (2) Homogeneously porous ceramics with extremely
narrow size distribution can be successfully fabricated by
combining sintering with in situ chemical techniques. (3) Sol−
gel foaming and gel casting foaming can be used to produce
porous glass scaffolds with large channels and enough
compressive strength comparable to those in porous bone.
(4) In metal scaffolds, great progress has been made in the
manufacturing of porous structures. However, achieving
consistently homogeneous pore sizes, morphology distribution
and wall thickness and low crack density is replete with issues.
(5) Polymer scaffolds have also been extensively processed
through various techniques including electrospinning. Despite
recent advances in electrospinning methods, the low extent of
cellular infiltration is still challenging. The more recent
approach is to use a hybrid system of polymers to take
advantage of individual components.
(6) Current methods based on rapid prototyping allow

specific and precise control over porosity characteristics.
Fabrication of graded and hierarchically porous scaffolds
using SFF techniques has gained attention recently. (7)
Polymers are the most studied and processed biomaterials
using solid free form fabrication techniques. However, there is a
lack of similarity in architecture between polymers or metals
and natural bone. (8) The fabrication of scaffolds with graded
pore-size distribution was mostly performed by solid free form
fabrication technique. Combining electrospinning with SFF
created the nanopores along with macropores, which seem to
be useful. (9) It is also noted that porous scaffolds with a
hierarchical porosity size distribution possessing macro-, meso-,
micro-, and more recently nanopores (e.g., scaffolds for
adsorption−delivery purpose, etc.) have attracted much
attention in both academic and industrial fields. Tailoring the
pore size distribution can create scaffolds that are able to act in
a more complex way than homogeneous porous structures.
This leads to improved mechanical properties and degradation
kinetics, which are important issues in scaffolds with large pore
sizes.
(10) From a biological response point of view, scaffolds with

more uniform sized pores can provide higher colonization and
better distribution of cells as long as their pores are large
enough, such as >300 μm for bone in-growth and >400 μm for
enough vascularization. In samples with heterogeneous pore
size distribution, the cell penetration and colonization may be
sufficient, but the porosity of smaller pore size should be
carefully adjusted as it may impair the diffusion of nutrients.
The interconnectivity and permeability, which are governed by
macropore size and pore morphology, must also be controlled
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as they directly affect cellular infiltration. Inducing meso- and
micropores within foam scaffolds is also proven to control
cellular fate through the regulation of cellular protein adhesion.
Overall, the comparison of various methods and their

physiochemical characteristics in the present review may be
useful when choosing the right process for the right materials
with specific functionality. However, further considerations
should be taken into account such as mechanical properties,
therapeutic agent loading, scalability, and the optimum
properties of the microstructure.
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