
Direct-Write Assembly of Calcium Phosphate Scaffolds Using a
Water-Based Hydrogel

J. Franco, P. Hunger, M.E. Launey, A.P. Tomsia, and E. Saiz
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Abstract
The development of materials to support bone regeneration requires flexible fabrication technologies
able to tailor chemistry and architecture for specific applications. In this work, we describe the
preparation of ceramic-based inks for robotic-assisted deposition (robocasting) using Pluronic®

F-127 solutions. This approach allows the preparation of pseudoplastic inks with solid contents
ranging between 30–50 vol% enabling them to flow through a narrow printing nozzle while
supporting the weight of the printed structure. Ink formulation does not require the manipulation of
the pH or the use of highly volatile organic components. Therefore, the approach can be used to
prepare materials with a wide range of compositions, and here we use it to build hydroxyapatite (HA),
β-tricalcium phosphate (β-TCP), and biphasic (HA/β-TCP) structures. The flow of the inks is
controlled by the Pluronic® content and the particle-size distribution of the ceramic powders. The
use of wide size distributions favors flow through the narrow printing nozzles, and we have been
able to use printing nozzles as narrow as 100 μm in diameter, applying relatively low printing
pressures. The microporosity of the printed lines increases with increasing Pluronic® contents and
lower sintering temperatures. Microporosity can play a key role in determining the biological
response to the materials, but it also affects the strength of the structure.
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1. Introduction
Calcium phosphate ceramics have been successfully used in bone replacement for more than
30 years [1]. These synthetic materials are an alternative to autografts (still considered the gold
standard by many surgeons [2]), as they eliminate painful side effects associated with bone
harvesting [3] and the risks of employing bone allografts obtained from cadavers [4]. The most
widely employed calcium phosphate materials are hydroxyapatite (HA, Ca10(PO4)6(OH)2) and
tricalcium phosphate in both of its polymorphs (α and β-TCP, Ca3(PO4)2). HA and β-TCP as
well as their mixtures are osteoconductive [5,6] and can be used as fillers to coat the surface
of metallic implants and in drug delivery devices [7,8]. However, their future seems to be
closely tied to the field of tissue regeneration, where these materials should play a major role
in the fabrication of scaffolds for bone engineering [9]. These scaffolds need an interconnected
network of macro- and microporosity for cell seeding and new bone formation [10]. An ideal
three-dimensional (3D) scaffold should substitute, at least temporally, for the tissue while
providing a substrate for cell attachment and proliferation and resorbing gradually as new tissue
grows in vitro or in vivo [11]. Because β-TCP is more water soluble than HA[12], its in vivo
behavior is very different; the higher the β-TCP/HA ratio, the more soluble a biphasic calcium
phosphate material (BCP) will be β-TCP dissolves preferentially from the matrix, releasing
calcium and phosphate ions to the media, enhancing the in vivo activity of the material and
decreasing the resorption time [5,13]. However, in vitro testing indicates that enhanced
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dissolution can be detrimental to the mechanical strength of the calcium phosphates materials
in vivo [14]. Several studies suggest that an ideal calcium phosphate scaffold should be a
mixture of both phases[15,16].

Diverse techniques such as the use of replica templates (starting from polymeric sponges
[17] or coral structures [18]), emulsion [19], the use of porogens [20], and freeze casting [21]
have been used to build porous ceramic scaffolds for tissue engineering. However, most of
them offer only a very limited control of the porosity and are not suited to the fabrication of
materials with complex shapes. New solid-free-form fabrication techniques developed during
the past 20 years allow the fabrication of ceramic materials with very complex architectures
by following a computer design [22]. These architectures can be optimized to promote bone
regeneration and enhance the mechanical response of the scaffolds [23]. Among these,
robocasting, a technique that combines an extrusion process with a computer-guided
positioning system, can be used to build 3D structures layer by layer, by extruding a continuous
filament. Robocasting inks have to flow under stress and recover enough stiffness such that,
when the stress is released, they can bear both the filament weight and the weight of successive
layers. Robocasting permits printing with outstanding spatial resolution and has been used to
print ceramic grids with line and gap diameters varying from hundreds of microns to submicron
levels [24].

In the initial formulation of robocasting inks by Cesarano[25], drying of the filaments as soon
as they were extruded provided enough rigidity to support the printed structure. Marchi et al.
[26] prepared alumina inks where coagulation was achieved through the in situ gellification of
aluminum hydroxide gels by raising the pH of alumina slurries with dissolved aluminum
chloride (AlCl3). Smay et al. [27] developed viscoelastic inks by dispersing the ceramic
particles in water and using polyethyleneimine (PEI) as a coagulant agent. The interaction
between the ammonium polyacrylate-based dispersant adsorbed on the particle surfaces and
the ionized PEI creates a network that confers viscoelastic behavior to the ink. These inks have
a very low organic content and can be printed inside a non-wetting oil bath, avoiding the
appearance of tensions derived from uneven drying [28–30]. However, tuning the viscoelastic
behavior requires a precise adjustment of the amount of dispersant and PEI as well as careful
control of the pH. The latter can be a problem, for example, when printing various calcium
phosphates whose solubility is very dependent on the pH. Yang et al. [31] have also printed
filament structures employing a system based on isopropyl alcohol with a combination of
polyvinyl butyral (PVB) and polyethylene glycol as binders. Because these inks are alcohol
based, the printing process takes place inside a controlled atmosphere chamber to avoid a fast
drying, which might compromise the integrity of the printed structures. In addition, these inks
have typically larger organic contents than the water-based ones, which may limit densification
after sintering.

The main objective of this work is to design a flexible ink formulation approach to print a wide
range of calcium phosphates. This would enable the fabrication of rigid scaffolds with
composition and microstructure optimized for specific applications. Water-based inks are
preferable because their organic content is much lower and they can be used in combination
with the printing-in-oil technique developed by Smay et al. [27] to avoid problems associated
with simultaneous printing and drying. Several studies have suggested that roughness and
microporosity of the scaffold walls can have an important effect on the scaffold’s biological
performance [32–34]. Ink formulations that allow an easy control of these parameters will
provide an advantage in the fabrication of custom-designed scaffolds. The inks developed in
this work are based on the dispersion of ceramic particles in water-based solutions of
Pluronic® F-127 (BASF registered brand), a synthetic copolymer of ethylene oxide and
propylene oxide represented by the following chemical formula: HO
(C2H4O)a(C3H6O)b(C2H4O)a. These water-based inks can be used to print hydrophilic
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ceramics with a wide range of compositions without manipulating the interparticle forces (e.g.,
controlling the pH of the solution). Here we demonstrate how this approach can be used to
print porous calcium phosphate structures (HA, β-TCP, and BCP) with a large spatial resolution
while controlling the microporosity and roughness of the printed lines. The influence of the
ink formulation on the printing process, the microstructure, and mechanical properties of the
scaffolds are analyzed in detail.

2. Materials and Methods
2.1. Powder Preparation and Materials Characterization

We have prepared dense ceramics and porous scaffolds using three different calcium phosphate
materials: HA (TransTech, USA), β-TCP (Keramat, Spain), and biphasic (35/65, HA/β-TCP,
Keramat, Spain). The later was synthesized separately using a chemical precipitation method
similar to that described by Reynaud et al. [35]. The characteristics of the powders are
summarized in Table 1. The particle-size distribution was measured by centrifugal photo-
sedimentation (Capa 700, Horiba Instruments Inc., Irvine, CA, USA) and the specific surface
area by the Brunauer, Emmett & Teller (BET) technique (Tristar BET, Micromeritics
Instrument Corp., GA, USA). The particle shape was analyzed by scanning electron
microscopy (SEM [Hitachi FE-SEM-4300EN]). The chemical composition and phase
distribution were determined using X-ray diffraction (XRD [Siemens D-500, Cu Kα1 λ = 1,5406
Å, 30 mA/40 kV]) and energy dispersive spectroscopy in the SEM (SEM-EDS). The particle-
size distribution of the “as received” ceramics was modified by firing and subsequently
grinding pellets prepared by uniaxially pressing the starting powders at 200 MPa (Wabash
Hydraulic Press 30-12 12T, Wabash Met Co., IN, USA) followed by cold isostatic pressing
(CIP) at 4 GPa. The pellets were fired for 2 hours at 1,000°C (BCP) or 1,100°C (β-TCP). The
sintered pellets were crushed and milled with alumina balls in isopropyl alcohol, and the
resulting powders were sieved through a 43 μm mesh. These resized materials are named RTCP
and RBCP to distinguish them from the “as received” powders (Fig. 1).

Dense ceramic samples for mechanical testing and microstructural assessment were prepared
by cold isostatic pressing at 1.4 GPa followed by sintering in air at 1,085°C (BCP), 1,100°C
(β-TCP), and 1,200°C (HA) with a 5°C·min−1 heating rate and dwell time of 2 hours. The
densities were determined by the Archimedes method. Six rectangular bending specimens (25
× 6.5 × 2.5 mm) were cut from each sample using a low-speed diamond saw (IsoMet, Buehler
LTD, Lake Bluff, IL, USA). Flexural strengths (N=5) were measured in four-point bending on
a servohydraulic testing machine (MTS 810, MTS Systems, Eden Prairie, MN, USA) at a
displacement rate of 1 μm/s. Plane-strain fracture toughness (KIc) measurements (N=5) were
performed on single-edge notched bend, SE(B), specimens loaded in three-point bending. The
notches were first introduced using a low-speed diamond saw, and then sharpened using a razor
micronotching technique. Micronotches, with root radius ~5 μm, were obtained by repeatedly
sliding a razor blade over the saw-cut notch using a custom-made rig, while continually
irrigating with a 1 μm diamond slurry. KIc values were determined by monotonically loading
the specimens to failure under displacement control with a displacement rate of 1 μm/s. All
toughness tests satisfied the plane-strain and small-scale yielding requirements for valid KIc
measurements, as per ASTM Standard E399-06. In addition, Vickers diamond microhardness
was also used to assess the toughness by inducing radial cracks in the material. Measured crack
lengths were correlated to Kc through the semi-experimental relationship [36]:

[1]
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where P is the applied load (here P = 150–200 g), E the Young’s modulus, H the Vickers
hardness, a the radial crack length measured from the center of the indent, and χ an empirically
determined calibration constant taken to be 0.016±0.004. Vickers hardness was measured with
a load of 100 g, which ensured no radial crack formation. The fracture toughness of these
materials can be characterized with a single-value toughness, i.e., KC = KIC, since no R-curve
behavior is to be expected, given the small grain size. This was further validated by examination
of the fracture surfaces that display transgranular fracture.

2.2. Ink Preparation
The inks were created by mixing ceramic powders with Pluronic® F-127 solutions. Pluronic
solutions exhibit a reverse thermal behavior: they are fluid at low temperatures (close to 0°C)
but a soft gel at room temperature. The solutions were prepared by mixing the Pluronic powders
with water for 5 hours using zirconia balls in a shaker (Red Devil 5400, Red Devil Equipment
Co., Plymouth, MN, USA). Subsequently, they were cooled to 0°C in a water/ice bath and
filtered through a 100 μm mesh to break aggregates. Afterward, sonication inside the water/
ice bath was used to eliminate air bubbles. The ceramic powders were added while maintaining
the solution at ~0°C inside an ice/water bath to ensure the complete reverse gellation process
and lower the viscosity. The powders are dispersed with the help of an 800W stirrer with
variable speed (Dewalt DW236, 0–800 rpm). 1-Octanol (Sigma-Aldrich, St Louis, MO, USA)
(2.5 wt% of the water content) [28] was also added to help eliminate air bubbles. After
dispersing the ceramic powders, commercial corn syrup (Karo, 4 wt% related to the water
content) was added to enhance adhesion between printed lines. In order to ensure homogeneity,
the inks were mixed thoroughly for 10 min in the water/ice bath and afterward sieved through
a 100 μm mesh to minimize the presence of aggregates. The inks were loaded into a 10 ml
syringe (BD, Franklin Lakes, NJ, USA) with an HD-PTFE custom-sized plunger. The syringes
were gently tapped from the bottom to move remaining bubbles to the top. Three different inks
were prepared for each powder using 10 wt%, 20 wt%, and 30 wt% Pluronic® F-127 solutions
(Table 2).

2.3. Printing and Testing
The inks were used to print standard ceramic grids using a robotic deposition device (Robocad
3.0, 3-D Inks, Stillwater, OK, USA). The diameter of the printing nozzles ranged from 100
μm to 250 μm (EFD precision tips, EFD, RI, USA). The scaffolds were printed inside a reservoir
of non-wetting oil (Lamplight®, Menomonee Falls, WI, USA) over an Al2O3 plate (~1 mm
thick). A key step is to achieve a certain degree of adhesion between the substrate and the first
printed line such that the scaffold remains stable during printing while allowing at the same
time an easy removal afterward; this will facilitate handling and avoid deformations due to
uneven shrinkage during drying and sintering. Here, this is achieved by sequentially applying
an oil-soluble hydrophobic layer (permanent marker, Sharpie, Sanford) and a water-soluble
hydrophilic layer (corn syrup spin-coated in two steps: 30 seconds at 500 rpm and 2 minutes
at 3,000 rpm using WS-400B-6NPP-LITE coater from Laurell Technologies Corp., North
Wales, PA, USA) on the substrate (Fig. 2). The ink adheres to the hydrophilic film. However,
the water in the ink progressively dissolves the sugar, exposing the hydrophobic layer to the
oil. When the oil dissolves this hydrophobic layer, the printed structures self-detach from the
alumina substrate. After printing, the samples were dried and sintered on the alumina plates.
First, the plates were tilted (~45°) to drain the excess oil. After drying for 24 hours at room
temperature, the pieces were fired at 600°C (1°C min−1, heating rate) for 2 hours to evaporate
the organics, followed by sintering for two hours at 1,085°C, 1,100°C, and 1,275°C for BCP,
β-TCP, and HA with a heating and cooling rate of 5°C min−1.

The pressures needed to make the inks flow through the printing nozzles were measured in a
universal test machine using 1 ml syringes with an internal diameter of 4.5 mm (BD, Franklin
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Lakes, NJ, USA) and cylindrical or conical tips with diameters varying from 100 to 450 μm.
The pressures were measured at a constant displacement rate for the syringe piston (vp). The
equivalent printing velocities, vw, can be calculated considering a constant flow from the
syringe chamber and the ratio between the tip (φt) and syringe (φs) diameters:

[2]

The equivalent printing velocities varied from 4 to 15 mm s−1, and are of the order of the ones
used during printing.

The mechanical strength of standard grids (15 × 3 × 1.5 mm) printed through a 200 μm tip,
with a bandwidth gap of 200 μm between lines and a layer height of 180 μm, was measured in
three-point bending (N=20). The microstructure of the fracture surfaces and polished cross
sections (finished with 1 μm diamond) were examined by FE-SEM. The microporosity of the
printed layers was quantified used automated image analysis (Image J, v. 1.40g, NIH, USA)
of backscattered electron microscopy images. Ten measurements were made for each sample
and composition. The sintering and drying shrinkages in the different directions were
determined using optical images with an average of 80 measurements per direction.

3. Results and Discussion
All dense materials exhibit relative densities above 97%, even the BCP ceramics that are
relatively more difficult to sinter. This is in part due to the high pressures used during CIP that
result in large green densities. Table 3 summarizes their mechanical properties. The BCP bars
cracked during notching, and their toughness could only be determined using indentation. Their
low indentation KIC value (0.48 MPa√m) is consistent with the difficulties observed in the
preparation of notched samples. Overall, the mechanical properties are in basic agreement
[37,38] with results previously reported for calcium phosphates. However, the properties of
the biphasic material (strength and toughness) are significantly lower than that of its
components. This could be explained, in part, by the abnormal grain growth observed in the
BCP. While sintered HA and β-TCP exhibit a very homogeneous microstructure with grain
sizes in the range of 1–5 μm, BCP developed a very wide grain-size distribution that alternates
1 μm grains with others of the order of the tens of microns (Fig. 3). There have been indications
that the Ca/P ration has a strong effect on the sintering and grain growth behavior of calcium
phosphates [29]. Abnormal grain growth has also been observed in other calcium phosphate
biphasic materials (TCP/Ca2P2O7 Ca/P=1.44) and can also be triggered by different dopants
[39,40]. In addition, the sintering temperature of BCP was kept below 1,085°C to avoid
transformation of the tricalcium phosphate into the more soluble α phase. This transformation
is usually associated with the generation of microcracks due to the volume changes [41]. The
observed transformation temperature in the biphasic material (~1,090°C, Fig. 4) is lower than
those reported for pure TCP (typically between 1,125°C to 1,175°C) including the pure TCP
powders used in this work [42–44].

The rheological properties of the inks are mainly determined by the concentration of
Pluronic®, and the concentration and particle-size distribution of the ceramic powders. The
ceramic particles are mixed with Pluronic® F-127 solutions at low temperature (~0°C) where
they are very fluid, and the copolymer blocks (polyethylene oxide-propylene oxide-
polyethylene oxide) are dissolved in water, allowing good ceramic dispersion and
homogenization. Printing is done at room temperature, where the copolymer blocks reorganize
to form micelle aggregates and create a gel that encapsulates the particles. This behavior is due
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to the decrease of the degree of hydrogen bonding between the water and the OH groups of
the polypropylene oxide units when the temperature increases [45].

The optimum inks should exhibit a pseudoplastic behavior. Flow is initiated when a threshold
yield stress is exceeded [46]. The inks then flow steadily under stress but settle immediately
after printing. A typical load vs. time curve taken while the syringe piston descends at constant
velocity (Fig. 5) shows two differentiated zones: (1) initiation of flow with alignment and
equilibration of the system, and (2) steady-state flow. These curves give us information about
the time needed to achieve a steady flow and the level of pressure during printing, providing
useful information to guide the printing process and the selection of inks.

All the inks need more than 30 seconds to reach the steady state. This means that when printing
starts, the tip should move an appreciable distance before establishing a stable flow; for
example, for the slowest printing speed (4 mm s−1), this distance is 120 mm. In order to
accelerate equilibration, a small overpressure is applied before printing. Pluronic® F-127
aqueous solutions form thermo-reversible gels when the concentration is 20 wt% or more
[47]. In the 10 wt% solutions (RT10 and HA 10), there is not enough micelle aggregation;
therefore, liquid migrates during printing due to the applied pressure. The loss of water leads
to a steady increase of the load as the piston moves. Eventually, the material becomes locally
dry and clogs the printing nozzle (Fig. 6). As a consequence, it was necessary to put fresh ink
in the syringe after printing each standard piece using the RT10 and HA10 inks, whereas for
inks with larger Pluronic contents it was possible to use the full syringe volume without
reloading. Opposite to some formulations of polymer inks that use Pluronic block copolymers
adsorbed to the surface of polymer particles as a gelling agent to create a colloidal gel [48] (a
similar approach to the use of the interaction between ammonium polyacrylate based
dispersants and ionized PEI to create a ceramic gel [28–30]), here the ceramic particles are
immersed in the Pluronic gel. As a consequence the Pluronic content in the ceramic inks are
much larger but ink formulation is practically independent of the particle surface chemistry.

Inks with 20 to 30 wt% Pluronic reach a steady state in which the load on the piston is in
equilibrium with the flow resistance at every printing speed. There is not an appreciable
decrease in force with travel of the ram, suggesting that stresses at the syringe walls do not
play a significant role, and that printing at constant pressure is equivalent to printing at constant
piston speed. All the inks exhibit a non-Newtonian behavior, where the relationship between
the printing load L and the piston speed follows a simple power law, L= A vp

n [49]. All the
inks exhibit n<1, which corresponds to a pseudoplastic behavior (Table 4).

Ideally, both the flow consistency index (A) and the behavior index (n) should be low such that
a wide range of printing speeds can be reached using relatively low pressures. The behavior
of the inks depends on the Pluronic concentration and the particle-size distribution. Due to the
higher micelle aggregation, inks with larger Pluronic contents (30 wt%) tend to require larger
printing pressure (Fig. 7) and exhibit larger behavior index. However, the granulometry of the
ceramic powders also exerts a large influence, mostly through the flow consistency index. For
example, the behavior index of inks prepared with “as received” and resized β-TCP powders
(Fig. 8) are similar, but the consistency indexes for the “as received” powder are almost double.
In addition, in all our formulations, the solid content of the ink has been maximized while
allowing steady-state flow without liquid migration. Still, the T20 ink (prepared with “as
received” powders) has a solid loading content ~13 vol% smaller than RT20 ink (prepared with
a resized material). The only difference between these two powders is their grain-size
distribution (Fig. 1). All the different ceramic powders used in the formulation of inks exhibit
an equiaxed morphology. However, T20 powders have a narrower distribution and smaller
average grain size (1.58 μm) whereas in resized tricalcium phosphate (RTCP), the average
grain size is 4.94 μm with a much wider distribution. Overall, powders with wide particle-size
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distributions (e.g. HA and RTCP) resulted in inks with lower consistency indexes. For example,
although the HA powders have a higher surface area than “as received’ β-TCP powders (3.31
and 2.31 m2/g, respectively), their grain-size distribution is significantly wider, and inks
prepared from HA powders have larger solid concentrations and smaller flow pressure than
inks prepared from β-TCP.

Chen et al. [50] have studied the influence of the grain-size distribution in the extrusion process.
When employing wide particle-size distributions, the smaller particles facilitate the slip and
rearrangement of the bigger ones during extrusion, favoring flow through the narrow tips. The
results are inks with larger solid contents, lower consistency indexes, and an overall drop in
the extrusion pressures. When the distributions are narrow and most particles have similar
diameters, the interparticle voids cannot be filled and the solid content decreases. The other
key parameter is the geometry of the printing nozzle. The use of conical tips diminishes the
presence of dead zones along the extrusion path and decreases substantially the printing
pressures (Fig. 9) as previously described by Benbow [51]. However, due to their abrasive
nature, the ceramic inks tend to progressively widen the narrow hole at the end of the conical
nozzle, compromising the printing precision.

All the ink compositions tested were successfully printed through nozzles as narrow as 150
μm in diameter. The HA20 ink can also be printed through a 100 μm tip (Fig. 10). In this case,
slow printing speeds (<2 mm. s−1) have to be used, and the nozzle has to be periodically cleaned
to avoid clogging. Shrinkage during sintering was not homogeneous in all directions (Fig. 11).
Larger shrinkage occurred along the X dimension and increased with the Pluronic content. Inks
with worse particle packing (e.g., those prepared using BCP) or with partial water migration
due to lower Pluronic contents exhibited larger Z shrinkage. This is due to deformation and
bending of the printed filaments with the subsequent decrease in height between lines (Fig.
12).

The microporosity of the scaffold walls has a significant effect on the cellular response to the
implanted materials [32–34]. Polystyrene porogens or variations in the sintering temperature
have been used to control the porosity in the printed lines of structures built using solid-free-
form fabrication techniques [52–54]. In addition, the density of the printed lines determines to
a great extent the mechanical strength (Fig. 13). Line density can be controlled by the amount
of Pluronic, the granulometry of the starting powders (the particle packing), and the sintering
temperature. An increase in Pluronic content results in a decrease of the density of the printed
line, as can be expected from the larger organic content of the inks (Figs. 13–14). The sintering
temperatures are limited by the decomposition of the HA or the α→β transformation of the
tricalcium phosphate. The volume changes associated with the transformation can result in the
formation of microcracks that are detrimental to the mechanical response [29] and the β phase
is typically preferred over the more soluble α one. As a result BCP and TCP grids have larger
microporosity. In addition, and as for the dense pieces, abnormal grain growth in the printed
BCP grids further limits their densification (Fig. 15).

4. Conclusions
Pluronic® F-127 solutions have been used to prepare water-based calcium phosphate inks
suitable for printing 3D scaffolds by robotic-assisted deposition. Because Pluronic® F-127 is
a non-ionic block copolymer, inks with a high-volume content of ceramics can be prepared in
a single step without manipulating the pH of the slurries. The two main parameters that control
the response of the inks and the microstructure of the printed scaffolds are the Pluronic content
and the granulometry of the powders; they affect the flow resistance, the microporosity of the
scaffolds and their mechanical properties. Wider grain-size distributions allow the fabrication
of better-flowing inks with larger solid content. Larger Pluronic content enhances ink stability
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but also results in larger microporosities and lower mechanical strength. This approach can be
used to manipulate the microstructure and composition of ceramic scaffolds, allowing the
fabrication of materials tailored for specific applications.
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Figure 1.
Grain-size distribution of the starting ceramic powders. Resizing results in a significantly wider
distribution(the line is 5 μm in all the pictures)
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Figure 2.
The alumina substrates are covered with a double hydrophophic (permanent marker)–
hydrophilic (corn syrup) layer that promotes adhesion during printing but dissolves in a
controlled manner afterward to facilitate removal of the sample and avoid the generation of
drying and sintering stresses.
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Figure 3.
Microstructures of the dense calcium phosphates after polishing and thermal etching (2 hours
at 1,000°C).
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Figure 4.
The X-ray diffraction analysis of the sintered BCP materials only shows β-TCP and HA in the
samples fired at 1,085°C but reveals the formation of α-TCP in samples fired at 1,090°C.
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Figure 5.
Load vs. time flow curves for the HA20 ink printed through a 200 μm nozzle at different
printing speeds. Initially the system equilibrates and flow starts (shadowed zone) until a steady-
state situation is achieved. Bubbles in the ink can lead to small drops in pressure during printing
(see arrow).
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Figure 6.
Flow curves for the RT10 ink corresponding to an equivalent printing speed of 12 mm. s−1.
The curves show the effect of solvent migration. The printing load increases and does not reach
a steady state and increases with increasing number of cycles (each cycle corresponds with a
printing time of 200 s). After four cycles, the nozzle clogged and the remaining ink inside the
syringe was completely dry.
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Figure 7.
Comparison of load vs. printing speed values for inks with 20 wt% and 30 wt% Pluronic®

F-127 content. (a) Hydroxyapatite (HA). (b) β-TCP (T). (c) Resized β-TCP (RT). (d) Resized
biphasic powders (RB). All the inks have a pseudoplastic behavior adequate for the robotic-
assisted deposition process.
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Fig 8.
Load vs. time flow curves for “as received” β-TCP powders and resized powders. Narrow
grain-size distributions result in worse packing and higher flow resistance.
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Figure 9.
Load vs. time curves for HA20 inks through a standard metallic tip and a conical plastic l-tip.
The extrusion load drops almost one order of magnitude when printing with a conical tip.
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Figure 10.
HA structure printed through a 100 μm tip using the HA20 ink. The line diameter after sintering
is of the order of 80 μm.

Franco et al. Page 20

Acta Biomater. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.
Sintering shrinkage of the grids in the different directions. In the printed structure, X and Y
follow the printing direction whereas Z is related to the thickness of the printed line.
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Figure 12.
SEM micrographs showing a comparison between the T30 and BCP20 fracture surfaces. Both
printed lines have similar porosity (~24 vol%), but the transversal lines for the BCP20 are bent
due to their lower green strength.
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Figure 13.
(a) The overall microporosity of the printed lines (measured using automated image analysis
from backscattered electron microscopy images) increases with increasing Pluronic content in
the inks. (b) Microporosity determines to a great extent the final strength.
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Figure 14.
SEM micrographs of fracture surfaces for all the compositions printed. HA materials have
much lower microporosity. The scale bar is 5 μm.
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Figure 15.
Comparison of the surface microporosities in HA20, T20, and BCP20 sintered pieces. The
BCP material exhibits a much larger microporosity as well as a wider grain-size distribution.
Scale bar is 20 μm.
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Table 1

Average particle size and specific surface area of the starting powders.
Powder Average particle size (μm) Specific surface area (m2/g)
HA 2.4 3.3
β-TCP 1.6 2.16
BCP (35/65, HA/β-TCP) 0.6 12.4
RTCP 4.94 1.95
RBCP (35/65, HA/β-TCP) 5.74 1.69

Acta Biomater. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Franco et al. Page 27
Ta

bl
e 

2

C
om

po
si

tio
n 

of
 th

e 
ro

bo
ca

st
in

g 
in

ks
 (v

ol
%

). 
H

A
 st

an
ds

 fo
r “

as
 re

ce
iv

ed
” 

H
A

, R
T 

fo
r r

es
iz

ed
 β

-T
C

P,
 R

B
 fo

r r
es

iz
ed

 B
C

P,
 a

nd
 T

 fo
r t

he
 “

as
 re

ce
iv

ed
” 
β-

TC
P 

po
w

de
rs

.
H

A
10

H
A

20
H

A
30

R
T

10
R

T
20

R
T

30
T

20
T

30
R

B
20

R
B

30
H

A
51

.9
1

47
.0

3
43

.8
0

-
-

-
-

-
-

-
β-

T
C

P
-

-
-

44
.9

24
1.

92
37

.3
33

5.
37

32
.9

2-
-

B
C

P
-

-
-

-
-

-
-

-
41

.7
13

8.
07

D
IW

41
.0

1
41

.1
1

39
.1

0
46

.9
64

5.
08

43
.6

05
0.

16
46

.6
74

5.
25

43
.0

9
F1

27
3.

80
8.

57
13

.9
7

4.
36

9.
39

15
.5

81
0.

45
16

.6
79

.4
3

15
.3

9
C

. S
yr

up
1.

91
1.

92
1.

82
2.

19
2.

10
2.

03
2.

34
2.

18
2.

11
2.

01
1-

O
ct

an
ol

1.
37

1.
37

1.
30

1.
57

1.
50

1.
45

1.
67

1.
56

1.
51

1.
44

Acta Biomater. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Franco et al. Page 28
Ta

bl
e 

3

D
en

si
ty

 a
nd

 m
ec

ha
ni

ca
l p

ro
pe

rti
es

 o
f t

he
 d

en
se

 c
er

am
ic

s.

M
at

er
ia

lD
en

si
ty

, ρ
 %

 th
.F

le
xu

ra
l s

tr
en

gt
h,

 σ
f (

M
Pa

)In
iti

at
io

n 
to

ug
hn

es
s, 

K
IC

 (M
Pa

. √
m

) V
ic

ke
rs

 h
ar

dn
es

s, 
H

v (
G

Pa
)

3-
po

in
t b

en
di

ng
In

de
nt

at
io

n
β-

T
C

P
99

10
2±

13
1.

16
±0

.1
6

1.
28

±0
.3

2
4.

73
7

H
A

97
77

±2
0

0.
72

±2
0

0.
91

±0
.2

3
4.

88
0

B
C

P
98

34
±3

.7
-

0.
48

±0
.1

2
4.

25
6

Acta Biomater. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Franco et al. Page 29
Ta

bl
e 

4

Fl
ow

 c
on

si
st

en
cy

 a
nd

 b
eh

av
io

r i
nd

ex
es

 fo
r t

he
 d

iff
er

en
t i

nk
s (

lo
ad

 in
 N

 a
nd

 v
 in

 m
m

s−
1 )

. T
he

 c
or

re
sp

on
di

ng
 fi

tti
ng

 c
oe

ff
ic

ie
nt

s a
re

 a
ls

o 
sh

ow
n.

H
A

20
H

A
30

T
20

T
30

R
B

20
R

B
30

R
T

20
R

T
30

C
on

si
st

en
cy

 I.
 (A

)2
0.

67
24

.8
5

47
.9

03
5.

4
37

.0
3

41
.1

7
25

.9
2

25
.9

3
B

eh
av

io
r 

I. 
(n

)
0.

30
7

0.
32

4
0.

24
90

.4
17

0.
13

2
0.

26
1

0.
28

8
0.

32
3

Fi
tti

ng
 c

oe
ff.

0.
99

0.
99

0.
99

0.
99

0.
99

0.
98

0.
99

0.
99

Acta Biomater. Author manuscript; available in PMC 2011 January 1.


