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This article reviews the current state of knowledge concerning the use of powder-based three-dimen-
sional printing (3DP) for the synthesis of bone tissue engineering scaffolds. 3DP is a solid free-form fab-
rication (SFF) technique building up complex open porous 3D structures layer by layer (a bottom-up
approach). In contrast to traditional fabrication techniques generally subtracting material step by step
(a top-down approach), SFF approaches allow nearly unlimited designs and a large variety of materials
to be used for scaffold engineering. Today’s state of the art materials, as well as the mechanical and struc-
tural requirements for bone scaffolds, are summarized and discussed in relation to the technical feasibil-
ity of their use in 3DP. Advances in the field of 3DP are presented and compared with other SFF methods.
Existing strategies on material and design control of scaffolds are reviewed. Finally, the possibilities and
limiting factors are addressed and potential strategies to improve 3DP for scaffold engineering are
proposed.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Broad awareness of the term ‘‘tissue engineering’’ started with
the publication of a paper by Langer and Vacanti in 1993 [1]. This
review paper stated a now commonly used definition of tissue
engineering as ‘‘an interdisciplinary field that applies the principles
of engineering and life sciences toward the development of biolog-
ical substitutes that restore, maintain or improve tissue function or
a whole organ’’.

Whereas in the late 1990s tissue engineering envisioned the
replacement of whole tissues or even organs, today a tendency to-
wards preventive medicine can be noticed. Therefore, it is specu-
lated that the greatest impact of tissue engineering in the next
decade might be in vitro physiological models to study disease
pathogenesis, thus allowing the development of drugs that can
eliminate or reduce the need for tissue replacement [2].

The standard approach in bone tissue engineering is to seed and
grow cells on scaffolds in vitro. Typical scaffolds are three-dimen-
sional (3D) porous structures trying to temporarily mimic the nat-
ural extracellular matrix of bone. Porous structures seem to play a
significant role in nature, nicely described in the following state-
ment by Ashby [3]:
ia Inc. Published by Elsevier Ltd. A
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(A. Butscher).
‘‘When modern man builds large load bearing structures, he
uses dense solids: steel, concrete, glass. When nature does the
same, she generally uses cellular materials: cork, wood, coral.
There must be good reason for it.’’

Following this principle the ‘‘art of structure is where to put the
holes’’ or the ‘‘art of scaffolding is where to put the holes, biofactors
and cells’’ [4]. Scaffold design properties are a key factor in bone
tissue engineering and represent more than just a passive compo-
nent. Scaffold design will control cell and ultimately tissue growth
by balancing mechanical function with drug delivery, as well as
degradation of the scaffold adjusted to tissue regeneration [4].

Conventional manufacturing methods used in traditional engi-
neering fields are top-down approaches, starting from simple, large
solids and fabricating those into smaller complex products. Com-
plex porous 3D structures are particularly demanding concerning
design and often infeasible to produce by conventional approaches.
Therefore, random processes such as foaming [5], salt leaching [6]
and emulsification [7] are widespread, however, they can only par-
tially fulfill the requirements set by tissue engineering approaches.
One major drawback is the fact that porous scaffolds cannot be
produced with full control of the geometrical parameters, such as
pore size, pore interconnection size and porosity.

In contrast to top-down approaches, the bottom-up approach of
solid free-form fabrication (SFF) typically starts with small building
units (e.g. powders) that are arranged and piled up to eventually
obtain the desired geometry. This iterative method is based on
well-defined ‘‘sliced’’ 3D CAD models [8] resulting in nearly
ll rights reserved.
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unlimited geometries by adding up small layers of the final struc-
ture. This is the crucial advantage of SFF making it suitable for the
‘‘art of scaffolding’’.

Despite such a unique freedom in designing complex geome-
tries, SFF approaches have rarely been used to manufacture com-
mercial tissue engineering scaffolds (except, for example,
Curasan AG, Germany and Integra Spine, USA). There are several
reasons for this. For example, SFF approaches are still more expen-
sive than presently used techniques. Also, the gain in biological
performance due to an improvement of geometry has not been
quantified. Furthermore, SFF approaches all face technical difficul-
ties, such as limited accuracy, low mechanical properties and poor
raw material availability. In recent years the prices for SFF ma-
chines have dropped and solutions have been proposed to limit
or even solve the drawbacks of SFF, but many challenges remain.

There are several approaches in SFF. One of particular interest is
so-called 3D printing (3DP). In 3DP the solid is created by the reac-
tion of a liquid selectively sprayed onto a powder bed [9]. This li-
quid can either act as a binder or provoke a reaction that will
bind the powder particles together, for example through a crystal-
lization reaction. In the literature the term binder is used for both
and so it will be in this manuscript. Once hardened, the layer is
covered with a new powder layer, which is again locally bound
to form a new solid layer. In other words, the powder bed acts
not only as the reagent but also as physical support for the printed
solid. This approach is very simple and versatile because many
powdered materials can be used. In particular, this method can
be adapted for the production of ceramic-based tissue engineering
scaffolds [10].

Bone is able to self-regenerate, however, regeneration is limited
to a distance of a few millimeters from healthy bone. So, to en-
hance bone regeneration bone defects must be filled with a porous
spacer allowing the in-growth of blood vessel and bone but
restricting soft tissue in-growth. In general, it is agreed that the
porous network should consist of interconnected pores with a
diameter in the range of 50–1000 lm [7]. Since millions of bone
defects must be healed each year, SFF techniques, and in particular
3DP, are of great interest for the manufacture of bone scaffolds.
Therefore, the aim of this manuscript is to review the use of SFF
techniques, in particular 3DP, for manufacturing bone scaffolds.

For this purpose the manuscript is divided into four parts. In the
first part some of the most relevant structural properties of bone
and present knowledge in the field of scaffold design are summa-
rized. In the second part common methods of SFF used for scaffold
engineering are compared and 3DP is described in detail. The third
part is devoted to the technical aspects of 3DP, with an emphasis
on the raw materials (powders) and the physico-chemical proper-
ties of the scaffolds. Moreover, technical possibilities and limita-
tions using 3DP in the field of tissue engineering are discussed
and set in relation to the biological requirements. Finally, the
fourth part gives an outlook of the field and a conclusion.
2. Bone and scaffold engineering

2.1. Structural properties of bone

Following the approach of scaffolding as a way of temporarily
mimicking the extracellular matrix of bone, it is necessary to look
at the chemical, mechanical and structural properties of bone.

Bone is a sophisticated composite on different hierarchical lev-
els. From a structural perspective, bone tissue consists of two main
parts, a compact shell called cortical bone (‘‘compacta’’) and a por-
ous core called spongiosa or trabecular bone (‘‘trabecular’’ meaning
‘‘little beam’’ in Latin [11]). The combination of a dense shear
stress-resisting shell and a cellular inner structure with a typical
relative density of between 0.05 and 0.3 [12] prevents buckling
and results in a lightweight core analogous to a sandwich structure
with excellent bending resistance. In contrast to most man-made
sandwich cores, trabecular bone has an optimized structural
anisotropy due to the trabecular orientation along the principal
stress trajectories [13]. On a nanometer scale bone can be basically
described as a composite between 70% calcium phosphate crystals
and 20–30% collagen matrix with some water [14]. This geometri-
cally complex combination of an elastic collagen matrix (elastic
modulus E = 1–2 GPa, ultimate tensile strength UTS = 50–
1000 MPa) with a hard and brittle calcium phosphate mineral
(E = 130 GPa, UTS = 100 MPa) [15] leads to high mechanical bulk
properties with ductile and thus failure-tolerant characteristics.
According to a literature review the compressive strengths of cor-
tical and cancellous bone are in the ranges 100–230 and 2–12 MPa,
whereas the Young’s moduli are in the ranges 7–30 and 0.5–
0.005 GPa, respectively [15]. While macro mechanical parameters
are well described in the scientific literature, the mechanical prop-
erties at the micro- (osteons, Haversian canals), submicron (lamel-
lae) and nano-structural (collagen fibers) levels remain poorly
understood [16] and are still a matter of extensive research [17].

2.2. Scaffold requirements

In light of the complexity of bone properties, the goal of an ideal
synthetic scaffold needs to be broken down into small, achievable
steps.

A first step is to find a biocompatible material that also has the
mechanical properties needed for a scaffold. Fig. 1 highlights the
extraordinary mechanical properties of bone in contrast to techni-
cal bulk materials used for medical purpose. In detail, Youngs
modulus is plotted against fracture toughness, which is a measure
of the resistance of a material to crack propagation. Fracture
toughness KIc (mode I fracture means the crack plane is normal
to the direction of tensile loading) has units of MPa m1/2. The
graph depicts the relation between the elasticity of a material
and its toughness (brittle materials like ceramics typically have
a low toughness value). It reveals that up to now no artificial bulk
material is able to mimic bone and serve as an ideal material for
scaffold engineering. Bone seems to be the perfect lightweight
optimum between elasticity, strength and fracture toughness. In-
stead of using bulk materials, cellular materials open up promis-
ing approaches.

Provided the material complies with the requirement of the se-
lected SFF method, a second step is to build up the complex 3D (e.g.
cellular) structures by means of SFF using building units small en-
ough to reach the required resolution. The ultimate step is to im-
prove the mechanical properties by, for example, a bioinspired
composite approach, which is a matter of present and future re-
search [18].

According to Hutmacher et al. [19] a scaffold should have the
following main characteristics: (i) be biocompatible and bioresorb-
able with a controllable degradation and resorption rate to match
cell/tissue growth in vitro and/or in vivo; (ii) have a suitable sur-
face chemistry for cell attachment, proliferation and differentia-
tion; (iii) be three-dimensional and highly porous with an
interconnected porous network for cell growth, flow transport of
nutrients and metabolic waste; (iv) have mechanical properties
to match those of the tissues at the site of implantation. Unfortu-
nately, it is at present obscure how this is applied in practice and
in particular if a material fulfilling these criteria would really per-
form better than existing materials. Furthermore, the distinction
between the requirements for tissue engineering and bone graft
substitution scaffolds is still far from clear. Nevertheless, there is
a general consensus that 3D bone scaffolds should be highly open
porous structures (>40–60%) to favor rapid diffusion or the flow of



Fig. 1. Mechanical properties of natural materials in comparison with bulk materials for medical purpose (graph constructed with CES Selector 5.1.0).
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cell nutrients and to allow cell migration [20]. Pore sizes necessary
to achieve suitable porosities are suggested to be in the range 50–
1000 lm [7,21,22] for in vivo bone regeneration. In contrast, osteo-
genesis in vitro requires pore dimensions one order of magnitude
lower than in vivo [22]. The size of the interconnections is still a
matter of debate, with values of between 15 and 50 lm [23,24].
Taking into account the assumptions and simplifications in all
methods (gravimetry, mercury intrusion, liquid displacement,
scanning electron microscopy (SEM) and computed tomograpy
(CT)) [22] to determine pore parameters, an additional uncertainty
arises. In this light it becomes obvious that instead of the ‘‘ideal’’
tissue engineering scaffold, different structures are needed for var-
ious applications.
2.3. Scaffold engineering

Scaffold engineering is always a trade-off between the biologi-
cal requirements and technical feasibility. This paragraph focuses
on the technical possibilities and limitations. Table 1 gives a short
overview of the most commonly used SFF techniques used in the
field of scaffold engineering. More details can be found in general
reviews [4,25]. Table 1 reveals the key advantages of 3DP, such
as a wide range of materials and simplicity when compared with
other SFF methods.

The term SFF is also often referred to as rapid prototyping (RP).
However this term is misleading in two aspects. Firstly, this pro-
cess can be slow compared with conventional production methods.
The focus is not on speed but on freedom in terms of geometry.
Secondly, the term prototyping implies a limited application for pi-
lot series. Therefore SFF instead of RP is used in this paper.
3. Powder-based three-dimensional printing (3DP)

3DP was invented and patented by Michal J. Cima and co-work-
ers (US Patent USOO5340656A) in 1993 and is based on conven-
tional inkjet printing technology [9]. The single steps of 3DP are
symbolically depicted in Fig. 2 in more detail. The flexibility that
3DP offers is outstanding in many aspects. From a material point
of view almost any powder can be used provided it is combined
with an adequate binder. Theoretically there is no limit to the com-
bination of different powders that can be selectively solidified
using various binders. The scalability of the 3DP technique enables
manufacturing of large specimens in the meter range [26] as well
as small specimens of a few millimeters [27]. The freedom to build
up any geometry is limited only by the precision of the method and
the surface quality of the parts. Importantly, the powder bed acts
simultaneously as reagent and as physical support for the printed
parts.
3.1. Basic requirements for 3DP in scaffold engineering

Until now it has not been clear what requirements powders and
binders used in 3DP should fulfill. The aim of this section is to dis-
cuss these requirements and review the present knowledge. To do
so, the printing procedure is divided into single steps and ex-
plained in more detail (Fig. 3). In the first step (step 1) a counter
clockwise rotating roller spreads and slightly compresses a thin
and homogeneous powder layer. Then (step 2) a print head locally
sprays binder droplets onto the powder bed, resulting in small cra-
ters due to the ballistic impact. The surrounding powder particles
are wetted by the binder droplet (step 3). The binder drops



Table 1
Overview of the main SFF methods (the smallest feature refers to the smallest possible channel or pore size if not stated otherwise – for details check references).

Principle Technique Parameters Features

Three-Dimensional Printing (3DP):
Using adhesive: The inkjet head prints droplets of a binder fluid
on a powder bed. This fluid binds the powder and thus builds up
part of the solid’s cross section. This process is repeated for every
layer until the 3D structure is printed and the remaining powder
is removed.

Layer thickness: slurry
method: 20–100 lm [96]
dry powder method: 50 lm
[20]
Smallest feature: 350–
500 lm [47], [32]

+Broad material range
+No support structure
needed
+Cost efficient
-Small green strength
-Depowdering difficult
due to weak bonding
between particles
-Powder can be trapped
inside the body

Selective Laser Sintering (SLS):
Using Heat: Laser beam selectively initiates melting in a thin layer
of powdered material. Iterative repetition for every layer.
Unmelted powder serves as support structures and remaining
powder is removed.

Layer thickness: 76–100 lm
[25,97,98]
Smallest feature: 45–
100 lm [25]

+High mechanical
properties
+No support structure
needed
-High processing
temperature
-Powder can be trapped
inside the body

Stereolithography (SLA):
Using Light: Laser beam selectively initiates solidification in a thin
layer of liquid photopolymer. Iterative repetition for every layer.
Requires support structures for unconnected parts.

Layer thickness: 1 lm for
specimen volume smaller
than 35 mm3 [99,100]
Smallest feature: Indirect:
366 lm [101]
Direct: 1–5 lm [102]
10–70 lm [99,103]

+High accuracy
-Photopolymer needed
-Support structure
needed

Robocasting(RC):
Using Slurry: Robot controlled nozzle writes a cast or slurry
directly layer by layer. Before the next layer is added the slurry
must turn from a viscous paste to a solid structure by drying in
order to bear the weight of the next layers.

Layer thickness:
225–750 lm [104–106]
Smallest feature: rod
diameter: 200–400 lm
[107,108]

+High accuracy
+No support structure
needed
+Combination of
materials with 2 nozzles
-Material limitations
-Large build time
-Expensive process
-Geometry restricted

Fused-Deposition-Modeling (FDM)
Using Mold: Thermoplastic fiber is heated and selectively
extruded via a nozzle layer by layer. Small feature size of scaffolds
allows the fiber to bridge across unconnected parts without
support structures.

Layer thickness: 250–
370 lm [109–112]
Smallest feature: rod
diameter: 260–700 lm
[110]

+No support structure
needed
+No powder trapped
-Thermoplast polymers
required
-Mechanical anisotropy
-High temperatures
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continue wetting the adjacent powder particles and spread within
the powder bed (step 4). Finally, (step 5) reaction between the bin-
der and the powder particles results in local hardening and thus
builds up a small piece of the final solid. These steps are iteratively
repeated (step 6, analogous to step 1) until the final layer of the so-
lid is printed. In the two last steps the green specimen is extracted
from the powder bed, including the removal of excessive powder
(depowdering). In the following the critical properties and require-
ments involved in these single steps are presented and discussed.

Flowability of the powdered material is an essential require-
ment for building up thin powder layers (step 1 & 6) and also to
remove the powder from the printed part (step 8). Flowability
can be quantified by the flowability factor coefficient (ffc), defined
as the ratio of the consolidation stress r1 and the compression
strength rc, which can be reproducibly measured with a so-called
Ring Shear Tester [28]. Flowability is mainly influenced by particle
size and shape and can be measured quantitatively according to a
standardized method [29]. High flowability allows the roller to
build up thin and homogeneous layers and thus enables higher
resolution in the printed solid, which is one of the scaffold require-
ments, as described earlier. Since resolution is generally at least
twice the dimension of the powder particle size [30], a high
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Fig. 2. Iterative steps in the powder-based 3DP principle. The roller places a thin layer of powder in the build area (steps 1 and 2). The inkjet head prints droplets of a binder
fluid on the powder bed and thus locally solidifies part of the solid cross-section (step 3). This process is repeated for every layer until the 3D structure is printed and the
remaining powder is removed (step 4).
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resolution can only be achieved by using a fine powder. However,
dry, fine particles tend to agglomerate, since interparticular forces
dominate gravitational forces, resulting in poor flowability [31].
Therefore, a trade-off between flowability and resolution is inevita-
ble. Flowability is also essential for depowdering, the last step in
the printing process (step 8). Low flowability hinders the removal
of the powder present inside the pores and the cavities of the
printed green specimen and makes depowdering a difficult and
sometimes unachievable goal. Depowdering of simple cavities de-
mands a minimum cavity diameter of five times the average pow-
der size [32]. This value might be even higher for complex cavity
systems and irregular cellular structures.

Stability of the powder is required for binder spraying and reco-
ating. During spraying binder drops with a volume of around 30 pl
hit the loose powder bed with an approximate velocity of 6 m s–1

[33]. This impact leads to a crater-like depression with a binder
droplet at the bottom (step 3). The powder–binder droplet interac-
tion is illustrated in Fig. 4. Increasing the velocity increases the im-
pact diameter at a rate of approximately 5–10 lm per 1 m s–1

increase in velocity over the range used in 3DP [34]. During reco-
ating shear forces are applied to the top layer of the powder bed.
As a result, the thin printed structures may be displaced, possibly
affecting the integrity and accuracy of the printed object. Besides
lateral displacement, there is also a risk of vertical displacement
due to compressive loads resulting from gravitational forces. For
example, Lee et al. [35] measured downwards displacements of
from 23 up to 260 lm in a 76.2 mm deep powder bed. These neg-
ative effects can be reduced by increasing the cohesive strength of
the powder bed, for example by adding a small amount of moisture
to [36] or by increasing the packing density of the powder bed.

Wettability of the powder by the binder droplet (step 4) is an-
other crucial requirement influencing the printing accuracy and
the green strength of the printed object [37]. Specifically, too much
wetting would lead to extensive binder spreading (step 5), limiting
the printing resolution. In contrast, poor wetting due to a large
contact angle or to a high viscosity of the binder [9] would result
in poor interdigitation between neighboring printed layers and
thus result in low mechanical integrity of the green body. Powder
wetting depends on many parameters, such as the contact angle
between binder and powder, the binder viscosity, the topography
of the powder bed surface (depending on powder shape and size)
and the chemical reactions occurring between binder and powder.
These reactions can lead to swelling or partial dissolution of the
particles constituting the powder bed. Thus the distance over
which the fluid can migrate depends not only on binder and pow-
der properties and packing but also on the curing rate of the binder
[9]. Obtaining reliable quantitative results for the contact angle of
solids is challenging and greatly depends on surface characteristics
[38]. For powders it is even more difficult. Many sophisticated
methods, such as dynamical drop shape analysis, the capillary rise
method and the floating particle method, are available to describe
the interaction between binder and particles [39–41]. However,
these studies also reveal that there is still a poor understanding
of this field of research. So far, investigations on binder droplet im-
pact and spreading suggest that surface tension forces are gener-
ally stronger than the cohesive strength of the powder bed, thus
causing particle rearrangement and powder bed densification
[42]. Capillary pressure not only draws the binder selectively into
the interparticle necks but also pulls adjacent particles together
to form a nearly spherical binder–particle agglomerate, hence min-
imizing the total surface energy of the system [36]. The timescale
for absorption and dissipation have been determined to be of the
order of 10–100 ms [43]. An in-depth understanding of multiple
binder droplet–powder interactions and its implication on 3DP will
be a matter of future research.

Reactivity of the powder with the binder [44,45] also plays a
very important role in 3DP because binder spreading (step 5)
would be prevented by a too high reactivity whereas a very low
reactivity might favor intensive binder spreading. So, the timing
and reactivity of the binder reaction are crucial to the final printing
accuracy, and to the consolidation of consecutive layers [46]. For
3DP scaffolds that are to be sintered after completion there is an
additional hurdle, which is that the presence of too high levels of
binder might be damaging to the green body due to binder burn-
ing. Therefore, the binder concentration must be minimized [37]
while still providing sufficient mechanical stability to the printed
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Fig. 3. Schematic illustration on the main stages of single binder drop powder interaction during 3DP: build-up a homogeneous thin powder layer (step 1); binder droplet
delivery on the powder bed while maintaining its integrity (step 2); wetting of the powder by the binder (step 3); spreading of the drop within the powder (step 4); binder/
powder reaction and hardening (step 5); recoating with a new powder layer (step 6); extraction of the green specimen from the powder bed (step 7, not depicted); removal of
loose powder within the green specimen (step 8, not depicted).

Fig. 4. High speed frame (left) of the droplet impact on the powder bed. Detail of a line (right) lying in the wide groove formed within the bed. (Reprinted from Rapid
Prototyping Journal, 2003, � Emerald Group Publishing Limited, all rights reserved.)
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structure. The binding mechanisms can be very different. In
hydraulic cements, such as plaster of Paris or calcium phosphate
cements, the powder is dissolved by the binder and the powder
particles are bonded via subsequent recrystallization, as depicted
in Fig. 5. In another approach hardening occurs by gluing of the
powder particles using a polymer-based binder [47].
Green strength refers to the initial strength after printing and
before post-processing steps, e.g. sintering. Obviously, this is a very
important property of the printed scaffold and describes the
mechanical characteristics immediately after extraction from the
powder bed and subsequent depowdering (steps 7 and 8). Insuffi-
cient green strength may result in shape changes or ultimately in



Fig. 5. 3DP surface structure after the reaction between TCP and the acid binder. Four enlargements of a 3D printed surface are shown.
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mechanical failure of the green body. Even the weight of the un-
bound powder might be critical for weak scaffold structures [35].
The green strength of the printed part relies mainly on two factors:
(i) the strength of the bonds between adjacent powder particles,
(ii) the strength of the bonds between adjacent layers. The
mechanical properties of the green body are dictated by two bind-
ing mechanisms: binder adsorption and mechanical interlocking
[37]. As previously described, binder absorption can lead to either
a chemical reaction and subsequent interparticular crystallization
or be the result of an adhesive effect between the particles. Green
parts finally need to be post-processed to improve their mechani-
cal properties, for example by dipping them in binder solution [48]
or by sintering [49]. In both cases the shape of the printed solid
may change. Optimal green strength is required to meet the
mechanical property demands of scaffolds, since the green
strength will affect the final strength [50]. In general, a higher
apparent density results in better mechanical properties [51]. Ra-
pid vascularisation of scaffolds is, however favored, by more por-
ous, and therefore weaker, structures [20]. With a random
arrangement of large single sized spherical particles an apparent
density of no more than 64% can be achieved [52]. This results in
high porosity and low mechanical integrity of the printed green
parts. Bimodal powder mixtures are used to tailor the apparent
density and to optimize the conflicting requirements of high poros-
ity and mechanical integrity [20].
3.2. Materials used in powder-based 3DP for bone scaffold tissue
engineering

A crucial advantage of 3DP is the wide range of materials that
can be used, from synthetic and natural polymers to ceramics, as
well as composites of the aforementioned [53]. The sole condition
is availability of the material in powder form. Table 2 summarizes
the different material approaches (polymeric, ceramic and com-
posites) used in the field of bone scaffold engineering. This table
is ordered by particle size, due to the importance of particle size
for high resolution 3DP.



Table 2
Materials in powder-based 3DP ordered by particle size according to literature. Abbreviations: I: Impregnation; d50: mean particle size; a/b-TCP: alpha/beta-Tricalcium
Phosphate; TTCP: Tetracalcium phosphate; CPP: Calcium Polyphosphate; HA: Hydroxy-Apatite; PE: Polyethylene; PCL: Polycaprolactone; PLLA: Poly-L-Lactic Acid; PVA:Polyvinyl
alcohol.

Powder Binder References

Material Particle size [lm]

Polymers
Natural polymers 20–150 100% water [54,55]
PCL/PE oxide 45–150 5% and 20% chloroform [113]
PLLA 75–150 100% chloroform [56,114]
UHMWPE/Maltodextrin 100–150 100% water [115]

Ceramic
b-TCP 16 (d50) 25% oxalic and tartaric acid [116]
TCP/TTCP 10–20 10–20% phosphoric acid [62]
b-TCP 30 5–10% phosphoric acid [48]
TTCP/b-TCP <100 25% citric acid [46]
a-TCP 10 (d50) 5% sodium chondroitin sulphate

12% disodium succinate
83% distilled water

[63]

Composite
TCP/TTCP/Polymer (I) 10–20 10–20% phosphoric acid

Polymer solutions of dichloromethane 10–50 wt.% (I)
[71]

b-TCP/Bioglass 7 & 41 (d50) Orthophosporic & pyrophosporic acid [117]
HA/Starch 4 & 50 (d50) 94.5% distilled water

2.5% glycerin
3% rest

[20]

HA 69 (d50) 14% schelofix64
5% polyvinyl alcohol

[29]

CPP/PVA 75–150 Zb 58
10 wt.% PVA

[84]

HA/Maltrodextrin 38–83 Water-based [50]
HA & Maltrodextrin /apatite–wollastonite glass 3–5 & 90–100/ 88 (d50) Water-based [69]
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Polymeric materials can be subdivided into synthetic polymers
and natural polymers. Natural polymers, such as polysaccharides,
are generally extracted from plants (starch, dextrose, cellulose,
etc.) and animals (sodium hyaluronate, collagen, etc.), even though
most polymers can now be synthesized chemically or biotechno-
logically (e.g. microbial production of sodium hyaluronate). These
polymers are generally hydrophilic and can be used in combination
with water-based and solvent-free binders. Thus, various blends of
powdered natural polymers are adequate for printing scaffolds
used in medical applications [54,55]. Synthetic polymers, on the
other hand, can be customized to the actual need. However, syn-
thetic polymers are often poorly soluble in aqueous media, mean-
ing that organic solvents, e.g. chloroform, must be used, raising
biocompatibility issues. These toxic solvents evaporate rather fast,
while dissolving some of the polymer particles. Great effort has
been invested into this approach [6,56], After 1 week of drying
0.5 wt.% (5000 p.p.m.) chloroform remained on samples made by
3DP. Chloroform extraction techniques reduced the level of chloro-
form below 50 p.p.m. [57], however, there is always the risk of
finding toxic solvent residues in the printed scaffold [58]. Further-
more, the use of solvents represents a burden when considering
large-scale commercial production of medical grade biomaterials.
With ceramic powders two main approaches can be considered.
In the first approach the ceramic powders remain passive and
the green body strength results from the binder properties
[29,59]. Since this approach implies the use of polymeric binders,
such scaffolds are classified as composite materials and will be dis-
cussed in more detail in the composite section. In the second ap-
proach hydraulic cements are used [60,61]. In other words, the
binder dissolves the powder particles and new crystals form and
interdigitate to form a stiff ceramic network. One of the most
intensively studied materials is calcium sulfate hemihydrate, also
called plaster of Paris. Upon reaction gypsum is formed (Eq. (1)).
Several calcium phosphate cement formulations have also been
considered [62,63]. Since these formulations must react rapidly,
highly reactive compounds such as a-tricalcium phosphate (a-
TCP, a-Ca3(PO4)2), tetracalcium phosphate (TetCP, Ca4(PO4)2O),
monocalcium phosphate monohydrate (MCPM, Ca(H2PO4)2�H2O)
are used with phosphoric acid as the binder. Here some examples
of setting reactions are provided:

CaSO4
1/2H2Oþ 11/2H2O ¼ CaSO4 � 2H2O ð1Þ

b� Ca3ðPO4Þ2 þ CaðH2PO4Þ2 � H2Oþ 7H2O ¼ 4CaHPO4 � 2H2O ð2Þ
a� Ca3ðPO4Þ2 þH3PO4 þ 6H2O ¼ 3CaHPO4 � 2H2O ð3Þ

Eqs. (2) and (3) are often referred as the brushite cement reaction
[64]. Brushite is also referred to as dicalcium hydrogen phosphate
dihydrate (DCPD, 4CaHPO4�2H2O). Acid binders such as phosphoric
acid and citric acid are usually used in 3DP with ceramic powders.
These binders initiate a setting reaction as described above. Small
amounts of unreacted binder residuals are generally not critical.
Some of them (citric acid, phosphoric acid and oxalic acid) are pres-
ent in our body and can be easily removed [65]. Tartaric acid is met-
abolically inert in the human body. The use of these acids with
calcium phosphates is widespread in the literature [66,67]. The
fragile green stability based on this cement reaction can be im-
proved by either a post-print hardening regime (e.g. immersing
samples in phosphoric acid) or by sintering, leading to thermal
decomposition of the brushite phase and formation of a pyrophos-
phate [48]. The use of a-TCP, TetCP and DCPD mixtures has also
been suggested for the fabrication of printed apatite scaffolds
[61,68]. Composite materials used for 3DP can be found in the liter-
ature using various combinations of ceramic, bioglass or polymeric
components. Two main approaches can be distinguished: compos-
ites that are formed during and those that are formed after the
printing process. A solution of a soluble polymeric binder [29,59]
is used to locally wet ceramic particles and glue them together
through drying. After the printing process the part is depowdered
and the organic binder removed during sintering by pyrolysis
[59]. Another option is the use of an initial blend of a ceramic and
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a polymer powder. The binder sprayed onto the particles dissolves
the polymer and hardening is caused by precipitation of the poly-
mer during binder drying [20,50,69]. The mechanical properties of
the green body can be improved by adding an additional phase.
One example is apatite–wollastonite (A–W) bioglass, which con-
tains crystalline oxyfluoroapatite (Ca10(PO4)6(O,F2)) and b-wollas-
tonite (CaO�SiO2) in a MgO–CaO–SiO2 glassy matrix [70]. 3D
printed ceramic A–W bioglass composites have promising mechan-
ical properties and were shown to be non-toxic and more prone to
form hydroxyapatite at their surface when soaked in simulated
body fluid [69]. Second, composites can be formed after the printing
process. This approach relies on the infiltration or impregnation of a
monomer solution (e.g. dianhydro-D-glucitol [bis(dilactoylmethac-
rylate)] DLM-1 [46]) into the printed solid. Hardening is achieved
by curing the monomer into a polymer. A polymer solution can also
be used. For example, Gbureck et al. impregnated their printed sol-
ids with a dichloromethane–PLA/PGA polymer solution [71]). An
interesting aspect of this approach is that the polymer matrix can
be drug loaded and the release kinetics can be tailored with the deg-
radation rate of the polymer [71]. It remains, however, a challenge
to fully impregnate the samples and at the same time maintain a
suitable porous network. Additionally, impregnation using toxic
solvents raises the issues mentioned in Section 3.2. For the first ap-
proach the polymeric binders are removed by pyrolysis during sin-
tering. However, remaining residuals from this process can also be
critical to the biocompatibility of the final scaffold.

3.3. Structural and mechanical properties of 3D printed ceramic
scaffolds

Calcium phosphate-based ceramics have a long history and are
widely used in synthetic bone replacement due to their chemical
similarity to bone mineral [72,73]. Calcium orthophosphates have
been studied as bone repair materials for more than 80 years [60].
In contrast to metals and polymers, several calcium phosphates
spontaneously bind to living bone [74] and therefore their use as
3DP of bone scaffolds is self-evident. Calcium phosphates differ
in their Ca/P molar ratio (hydroxyapatite (HA), 1.67; a/b-TCP,
1.5) and basicity (TetCP is basic, MCPM is acidic), resulting in dif-
ferent solubilities and resorption rates [60]. Due to the importance
of calcium phosphates in bone scaffold engineering the structural
Table 3
Comparison of the structural and mechanical parameters governing 3DP of calcium phosph
Resolution is either defined by the diameter of the macropores (MP), the indicated manuf

Architecture Structural Mechan

Design/MP Layer
thickness[lm]

Resolution
[lm]

Porosity/Pore
size [%/lm]

Compr
strengt

Custom 50 1000 (MP) 30–64%
0.3–0.4lm
10–20 lm

-

CT based /Cylindrical 88 ±50 (MT)
750 (MP)

35–40% –

Custom 89 – 77–79% 0.1–0.2
Cylindrical P 100 ±200 (MT) 27–39% (green)

3–7% (sintered)
2.8

CT based /Cylindrical P 100 ±100 (MT) 61%
10 lm

18.6

Cylindrical P 100 500 (MP) 36–50% 0.6–0.7
(Infiltra

Custom 100 – 52%
(TSint:1.2 k�C)
3–30%
(TSint:1.3 k�C)

1.3 (Fle

Solid Cylinder 150 ±100 (MT) 35% 53 lm –
Solid Block 175 – 59–65 lm ca.0.2–
Quadratic channels 200–300 330–450 (FS) 10–30 lm –
and mechanical parameters governing 3DP of calcium phosphate
scaffolds are summarized in Table 3.

As previously discussed, the ideal scaffold mimics not only the
structure but also the load-bearing capacity of the extracellular
matrix of bone. Therefore, the mechanical properties of calcium
phosphates are of major importance and are discussed in detail
as compared with bone.

The mechanical properties of calcium phosphates greatly de-
pend on their porosity and structure. Dense HA has compressive
and flexural/tensile strengths reported to be in the ranges 430–
920 and 17–110 MPa, respectively [75]. For comparison, cortical
and cancellous bone present lower values in the ranges 100–230
and 2–12 MPa for compressive strength and 50–150 and 10–
20 MPa for flexural/tensile strength, respectively [75]. However,
HA is much less resilient than bone: the fracture toughness of HA
is close to 1 MPa m1/2, compared with 2–12 MPa m1/2 for cortical
bone [15,75]. Due to the brittleness of calcium phosphates their
use is limited to non-load-bearing applications [76].

The mechanical properties required for powder-based 3DP of
ceramic scaffolds are even more critical, since typically the initial
green strength of the printed part is provided by interdigitation
of calcium phosphate crystals only. While the intercrystalline
space provides a highly specific surface and excellent osteoconduc-
tivity [60], the weak bonding within the green body might result in
damage to the filigree design features during depowdering. How-
ever, post-print hardening or aqueous conversion may be used to
increase the compressive strength 3- to 4-fold, resulting in
strengths higher than the values reported for commercial sintered
bone graft substitutes [62]. Depending on the post-print treatment
of the 3DP structure, compression strength may vary significantly
between 1 and 77 MPa (Table 3). A trade-off between mechanical
and structural parameters is inevitable.

At the same time, the structural properties are vital factors in
scaffold–cell interactions. The turning point of scaffold seeding
in vivo is the transition from an inert structural backbone to a vas-
cularized construct [20]. Classical scaffold designs take this con-
cept into account with highly open porous designs relying on
neovascularization of the scaffold from the surrounding tissues.
However, this approach is critical, due to a limited cell penetration
depth. It remains a challenge to seed scaffolds with cells and main-
tain cell viability for prolonged periods. Mineralization of seeded
ate scaffolds The list is ordered by the achievable layer thickness of the 3DP process.
acturing tolerance (MT) or the smallest feature size (FS).

ical References

essive green
h [MPa]

Compressive
sintered strength [MPa]

Posttreatment

31 - [20]

3–4 – [85,116]

0.2–0.4 – [118,119]
0.8-4
25-45 (hardening
via immersion)

3 � 30 s in 20%
H3PO4 (hardening)

[48]

– – [63]

76.1
ted)

4.3 DLM-1
(Infiltration Polymer)

[46]

xural strength) 77 (Flexural strength) – [69]

34 – [84]
0.7 ca.1.45 – [50]

22 – [59]
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osteoblasts have been reported up to a depth of 100–300 lm into a
scaffold [77]. Cell seeding on the scaffold periphery might not only
act as a barrier to nutrient diffusion but also hinder further cell
migration [57].

Several in vitro investigations of 3D printed parts with human
cells (osteblasts, periosteal cells) have shown good biocompatibil-
ity of calcium phosphate-based scaffolds [10,78]. A recent study
analyzed whether and how 3D printed calcium phosphate surfaces
can be resorbed by osteclast-like cells [79]. Measured cell prolifer-
ation and cell viability indicated good in vitro biocompatibility.
Osteclast-like cells were able to resorb calcium phosphate surfaces,
even showing large resorption lacunae on biphasic HA/TCP speci-
mens. In numerous animal (rats and goats) studies various 3D
printed ceramic scaffolds were implanted intramuscularly as well
as on and in bone, showing good biocompatibility and osteoinduc-
tivity in vivo [20,78,80,81]. Comparisons with xenografts and auto-
grafts have shown promising results for 3D printed scaffolds.
Fig. 6. 3D printed calcium

Fig. 7. Virtual construction steps of 3D printed skull scaffold. (Reprinted from Material
The interior of 3DP scaffolds requires pores on two different
scales. According to Karageorgiou [22] macroporosity (pore size
>50 lm) has a strong impact on osteogenic outcomes. Conversely,
microporosity (pore size <10 lm) is also a key factor, leading to a
higher specific surface area and thus higher bone-inducing protein
adsorption, as well as to ion exchange and bone-like apatite forma-
tion by dissolution and reprecipitation [22].

The exterior of the scaffold is limited by the layer thickness of
the 3DP process (determining 3DP resolution in the vertical direc-
tion) and by the powder grain size (determining the surface rough-
ness of the final part). The scaffold architecture can vary from
simple cylinders to complex irregular shaped bone grafts, depend-
ing on the application. Fig. 6 depicts a 3D printed calcium phos-
phate structure. The layer thickness for this example was 89 lm
and can be clearly identified as a limiting factor for high resolution.

Post-processing can also have a major effect on the structural
properties of the printed scaffolds. While certain post-processing
phosphate scaffold.

wissenschaft und Werkstofftechnik, � 2006, permission from Wiley being sought.)
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steps, such as infiltration or post-print hardening, will not have a
critical impact on the structural properties, sintering certainly will.
Sintering is a complex process dependent on many factors, such as
time, temperature, particle size and material properties of the
powders. Sintering has an impact on the composition (e.g. phase
changes), mechanical properties (e.g. hardening) and structural
properties (e.g. shrinkage) of the materials. Due to large voids be-
tween the particles in the green state, significant sintering shrink-
age by up to 32% [82,83] can occur. Since shrinkage is highly
reproducible it can be compensated for by scaling the initial CAD
model prior to printing. Dimensional changes in the green and sin-
tered stages are used to determine the correction factor. Register-
ing CT images with their 3D printing matrices yields almost
isotropic shrinkage [83]. Applying these corrections, dimensional
accuracy in the region of 100 lm is feasible, in spite of sintering
shrinkage [84].

The geometrical freedom inherent in 3DP also allows sophisti-
cated macro design of scaffolds to fit complex bony defects based
on CT scans. A common approach is the volumetric subtraction
of CT based solids (Fig. 7) with a cylindrical lattice structure result-
ing in a porous structure with the appropriate initially determined
outer dimensions [63,85]. Details of this sophisticated method are
well described in literature [8,86,87] and can be summarized as
follows. The first step consists of non-invasive imaging data acqui-
sition, typically via CT or magnetic resonance imaging. Different
tissues in this dataset are then differentiated through contrast seg-
mentation, followed by reconstruction of the segmented slices into
a 3D model. An accurate voxel-based 3D model can represent the
scanned anatomy, however, it cannot be effectively used for fur-
ther modeling, since the direct conversion of medical imaging data
into a solid CAD model is not a simple task [8]. In the CAD model
the defect can be filled and exported in a special .stl data format
in common use in SFF.
4. Outlook

3DP is a highly versatile method allowing nearly unlimited
designs and a large variety of materials to be used for scaffold engi-
neering. Apart from these promising possibilities, major challenges
and limiting factors are addressed and potential strategies to im-
prove 3DP for scaffold engineering are proposed in the following.
Recalling the long-term goal of scaffold engineering as temporarily
mimicking the structural and mechanical properties of the natural
extracellular matrix of bone as closely as possible, the following
challenges and limitations have been uncovered. From an engi-
neering point of view, the low resolution of the 3DP method and
the inadequate mechanical properties materials produced by 3DP
need to be mentioned. From a biological perspective, the conven-
tional tissue engineering approach of seeding the scaffold with
Fig. 8. High flowability of plasma treated 5 lm powder (lef
cells raises critical issues concerning the long-term viability of
the cells inside the scaffolds.

On the biological level, novel approaches, termed intrinsic vas-
cularisation, use vascular induction from the core of the scaffold to
the periphery due to bioactive matrix and vessel driven angiogen-
esis [20,88]. This goal can be achieved using inorganic (copper II)
and organic angiogenic factors (e.g. vascular endothelial growth
factor VEGF) specifically deposited at the end of a closed pore
[62,89]. Both approaches show great potential for neovasculariza-
tion in animal models and will enhance future research in 3DP of
scaffolds.

On the engineering level, the composite approach seems to be
promising for the generation of less brittle ceramic bone scaffolds
capable of bearing a load and inducing physiological strain in
cells. Scientific achievements in the field of bioinspired materials
[18] have given rise to new approaches to the formation of more
ductile ceramic-based composite bone scaffolds. Highly organized
structures in nature (e.g. teeth and the nacreous layer of mollusk
shells) have mechanical properties that until today have been
unachievable by scaffold engineering. A step into this direction
lies in realizing functionally graded materials with local varia-
tions in the material composition [90,91]. Another key factor
needed to achieve this goal is high spatial resolution, allowing a
high level of detail. This implies fine powder particles (a thin
layer thickness) with high flowability (enabling the recoating
step). This is a non-trivial aspect, especially for polymeric parti-
cles. Due to their ductile behavior, milling with a reasonable yield
of polymer is hard to achieve. Although powdered ceramics with
the desired particles sizes are available, there is a lack of system-
atic knowledge about the optimal size and geometry of particles
for 3DP.

Plasma treatment of the powder particles [92] can enhance the
flowability of fine particles, opening up a new path to thin powder
layers and thus the high level resolution currently not achieved by
traditional 3DP. Fig. 8 illustrates the high flowability of a 5 lm b-
TCP powder.

Apart from powder characteristics, high resolution is mainly
determined by the binder droplet size. Whereas in the past SFF
was limited to high end research applications, today SFF and print-
ing technology is experiencing a massive expansion. This has led to
significant technological innovations, e.g. in the development of
fast and reliable print heads. Today, commercially available print
heads are able to spray binder droplets of a few picoliters. This
innovation explosion will open up new research opportunities in
the field of 3DP for scaffold engineering.

Critical engineering assessment of 3DP accuracy and precision
with sophisticated, quantitative imaging techniques and an ade-
quate statistical assessment of precision and reproducibility are
essential for further improvement. High resolution CT [17,93]
scans will allow local quantitative analysis of scaffolds and, with
t) and a homogeneous bed of the same powder (right).



918 A. Butscher et al. / Acta Biomaterialia 7 (2011) 907–920
that, monitoring of the mineralization process. For a further
understanding of micro- and macro mechanical properties, im-
age-guided failure assessment [94,95] will give further insights in
the mechanical behavior of these materials under stress.
5. Conclusion

In this paper the current state of knowledge in the field of pow-
der-based 3DP for bone scaffold engineering has been reviewed.
The advantages 3DP include a wide variety of materials, provided
in powdered form, and geometrical freedom, restricted only by
the resolution of the method. The process is easily scalable and rea-
sonably rapid, making it valuable for systematic research and
industrial scaffold applications. In particular, the field of powdered
materials and binders used for 3DP was reviewed and discussed.
Furthermore, a comprehensive review of powder-based 3DP of
ceramics has been undertaken. Finally, the outlook for and possible
developments in the rapidly growing field of SFF for tissue engi-
neering was described.

The principle of successive layer by layer manufacturing is in
line with the engineering approach of dividing a complex issue into
simple manageable pieces. In this spirit, the solid part of one layer
is likewise broken into smaller pieces, the powder particles. Only if
the single powder particles are bound together can a new solid be
created. In this sense only an interdisciplinary approach between
‘‘tissue-related fields’’ like biology and biochemistry and the ‘‘engi-
neering-related fields’’ of biomaterials and biomechanics will bring
further insights and progress in ‘‘tissue engineering’’. Even though
such an interactive collaboration will inspire major steps in the
field of tissue engineering, the comparison with nature’s underly-
ing perfection will hopefully result in a humble attitude. In the
words of Isaac Newton:

‘‘I do not know what I may appear to the world; but to myself I
seem to have been only like a boy playing on the sea-shore, and
diverting myself in now and then finding a smoother pebble or a
prettier shell than ordinary, whilst the great ocean of truth lay all
undiscovered before me’’.

Acknowledgment

Funding from the RMS Foundation is gratefully acknowledged.
Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1,2,3,8 are dif-
ficult to interpret in black and white. The full colour images can be
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