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Abstract
Hydroxyapatite (HA) scaffolds with a 3-D periodic architecture and multiscale porosity have been fabricated by direct-write
assembly. Concentrated HA inks with tailored viscoelastic properties were developed to enable the construction of complex 3-D
architectures comprised of self-supporting cylindrical rods in a layer-by-layer patterning sequence. By controlling their lattice
constant and sintering conditions, 3-D periodic HA scaffolds were produced with a bimodal pore size distribution. Mercury
intrusion porosimetry (MIP) was used to determine the characteristic pore size and volume associated with the interconnected pore
channels between HA rods and the ﬁner pores within the partially sintered HA rods.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
There is considerable demand in oral surgery [1–3]
and orthopedic medicine [4,5] for inorganic scaffolds
suitable for repair or replacement of human bone tissue.
Hydroxyapatite (HA), a calcium phosphate-based ceramic material, is an excellent candidate material for such
applications [6–9]. Its bioactivity promotes both tissue
bonding and new tissue formation. HA implants can be
constructed from a variety of methods including
hydrothermal conversion from coral [10], use of polymer
sponges as molds [11], and bulk ceramic processing
techniques [8,12–14]. In the latter case, porosity is
introduced by adding organic porogens [8], foaming
[12–14], or limiting densiﬁcation during the sintering
process [15]. All of these approaches, however, suffer
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from a lack of control over the ﬁnal architecture and
distribution of porosity within the HA implant.
Several fabrication approaches have been recently
introduced that allow the construction of 3-D HA
scaffolds with engineered architecture and porosity
[16–20]. Most of these approaches rely on computeraided design to build structures in a predeﬁned pattern
with controlled feature size and geometry without the
need for subsequent machining. For example, threedimensional printing (3DP), which involves ink-jet
printing of binder droplets onto a ceramic (or polymeric) powder bed, has been used to create bone
scaffolds with minimum feature sizes on the order of
several hundred micrometers [17,21]. During 3DP, the
spreading and wetting of impinging droplets within the
porous powder bed leads to scaffolds with rough
surfaces and limited feature resolution. Stereolithography (SLS) has also been used to create HA scaffolds via
a lost mold technique [19,20]. In this approach, a laser is
rastered across a photocurable monomeric resin to
create a negative replica of the desired scaffold structure
within a polymeric mold. The scaffold is produced by
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inﬁltrating the mold with an HA suspension, drying the
structure, removing the organic mold by heating to
elevated temperatures, followed by sintering. The
organic removal process can be quite lengthy, however,
often requiring days to generate scaffolds that are free of
defects [22]. Recently, SLS has been used to directly
pattern HA scaffolds by laser curing a monomeric resin
ﬁlled with ceramic particles [16]. Unfortunately, the
curing efﬁciency and feature resolution are considerably
lower than that observed for pure resins, because the
HA ﬁller particles scatter light.
Direct-write assembly [23–25] using concentrated
colloidal inks offers a new approach for creating 3-D
periodic HA scaffolds. By carefully tailoring ink
composition and viscoelasticity, HA scaffolds can be
built with minimal organic content (1% by weight)
without the need for a sacriﬁcial support material or
mold. Here, we report the development of concentrated
HA inks suitable for direct-write assembly of HA
scaffolds comprised of self-supporting, cylindrical ﬁlaments (or rods) patterned with varying lattice constant.
By tailoring their printed architecture and sintering
conditions, HA scaffolds were created with a bimodal
pore size distribution, consisting of an interpenetrating
3-D network of large pores between HA rods (characteristic diameter of 200–500 mm) and ﬁner micropores (o1 mm) within the HA rods. These 3-D periodic
HA scaffolds may ﬁnd potential application as implant
materials for bone tissue engineering.

2. Experimental procedure
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(Polysciences, Inc.) as a concentrated liquid (99%),
which was diluted with deionized water to form a
concentrated aqueous solution (40% by weight) for ink
formulation.
2.2. Calcining and milling of hydroxyapatite powders
The inﬂuence of calcining and milling conditions on
the as-received HA powder was evaluated through
speciﬁc surface area and particle size analysis, as well
as direct imaging by SEM (Hitachi S-4700, Hitachi High
Technologies America, Inc., Pleasanton, CA). The HA
powder was placed in covered alumina crucibles and
ramped to the desired calcination temperature
(T calcine ¼ 40021100 1C) at a rate of 20 1C/min and held
at temperature for varying times (tcalcine ¼ 0:5–10 h). The
speciﬁc surface area of these calcined HA powders was
measured using nitrogen gas adsorption (ASAP 2400
BET, Micrometrics, Norcross, GA). From the data, an
optimal calcination temperature of 1100 1C was determined. The as-received and calcined powders were also
examined by X-ray diffraction (Rigaku D-Max, Rigaku
Corporation, Japan) to ensure that the calcination
process did not alter the HA crystal structure.
Calcined HA powder was ball-milled to break up
particle agglomerates, which yielded a two-fold decrease
in mean particle size. A 500 mL high-density polyethylene bottle (Nalgene Labware, Rochester, NY) was ﬁlled
with 250 mL of zirconia grinding media, 12  12. Deionized
water with 20 vol% HA powder was added to ﬁll the
interstitial volume of the milling media. The mill was
placed on a long-roll jar mill (US Stoneware, East
Palastine, OH) at 30 rpm for 12 h.

2.1. Materials system
2.3. Hydroxyapatite inks
A commercially available HA powder, Ca10(PO4)6
(OH)2 (Lot # 13310, Riedel-de Haën, Germany), with an
average particle diameter of 2.78 mm, as measured by
centrifugal photo-sedimentation (Capa-700, Horiba
Instruments Inc., Irvine, CA) and a speciﬁc surface area
of 75.7 m2/g, as measured by nitrogen adsorption
(ASAP 2400 BET, Micrometrics, Norcross, GA) served
as the colloidal phase in our inks. The HA powder was
dispersed in deionized water with Darvan 821A (R.T.
Vanderbilt Co., Norwalk, CT), a 40 wt% ammonium
polyacrylate (PAA) solution. PAA is an anionic polyelectrolyte with a linear backbone comprised of one
ionizable carboxylic acid group per monomer unit.
Hydroxypropyl methylcellulose (Methocel F4M, Dow
Chemical Company, Midland, MI) was added in an
amount of 5 mg/mL of solution phase as a viscosiﬁng
agent and 1-octanol (Fisher Scientiﬁc,Pittsburg, PA)
was added as 1 vol% to prevent foaming. Poly(ethylenimine) (PEI) is a highly branched, cationic polyelectrolyte with a 1:2:1 ratio of primary, secondary, and
tertiary amines (NHx). PEI (MW600) was supplied

HA inks were prepared by ﬁrst making a stable
colloidal suspension (30 vol% HA) in deionized water.
An appropriate amount of the PAA dispersant (0.57 mg
PAA/m2 HA) was added to deionized water and the pH
was adjusted to 9 by the addition of 5 M NH4OH. At this
pH, the PAA species are fully ionized allowing them to
impart the desired suspension stability [26]. The ceramic
powder was then added to this aqueous solution in three
aliquots. The HA suspension was ultra-sonicated for
3 min after adding the ﬁrst and second aliquots using an
ultra-sonicating horn (550 Sonic Dismembrator, Fisher
Scientiﬁc, Pittsburg, PA) pulsed with 1 s on/off intervals.
After adding the remainder of the HA powder, the
suspension was placed on a paint shaker (Red Devil
5400, Red Devil Equipment Co., Plymouth, MN) for
30 min followed by ultrasonication for 3.5 min with 1 s
on/off intervals.
The stable HA suspension was ﬁltered through a
20 mm nylon mesh (Small Parts Inc., Miami Lakes, FL)
to remove any impurities or hard agglomerates, and
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then centrifuged (Avanti J-25I, Beckman Instruments,
Inc., Fullerton, CA) at 2000 rpm for 60 min to concentrate it to 46–48 vol% HA. The supernatant was
decanted and the remaining concentrated HA suspension was placed on the paint shaker for 50 min. The
viscosiﬁer and defoamer were then added in the
appropriate amounts, followed by shaking for 30 min
on the paint shaker. The pH was adjusted again to 9 by
the addition of 1 M HNO3, with an additional 20 min on
the paint shaker after each addition. Finally, the
suspension was gelled by adding PEI. A few zirconia
grinding media, 14  14, were included to improve mixing
of the increasingly viscous ink. The HA ink was then
placed on the paint shaker for 10 min between each
addition of the PEI gelling agent and 30 min after the
ﬁnal addition.
2.4. Rheological measurements
The rheological properties of HA suspensions were
measured using a Bohlin CVOR controlled stress
rheometer (Bohlin Instruments Limited, Gloucester,
England) ﬁtted with a C25 cup and bob geometry
(bob diameter of 25 mm and gap width of 0.15 mm),
which has a stress range of 2.5  102–50 Pa with a
lower shear rate limit of 0.05262 s1. The apparent
viscosity was measured for HA suspensions of varying
volume fractions produced from both as-received and
calcined (1100 1C for 10 h)/ball-milled (12 h) powders. In
stress viscometry mode, the shear rate data were
acquired as a function of shear stress in an ascending
series of discrete steps with a 1 min equilibration time at
each step. The elastic shear modulus (G 0 ) of concentrated HA inks as a function of varying PEI gelling
agent addition was measured in oscillatory mode using a
Bohlin CS50 controlled stress rheometer (Bohlin Instruments Limited, Gloucester, England) ﬁtted with a C14
cup and vane tool (vane diameter of 14 mm and gap
width of 0.15 mm), which has a stress range of 1–750 Pa,
with a strain sensitivity of 104. The stress sweep was
performed after allowing each sample a quiescent
equilibration time of 1 h. All measurements were carried
out at 25 1C using a specially designed solvent trap ﬁlled
with deionized water to minimize evaporation.
2.5. Hydroxyapatite scaffold fabrication
3-D periodic HA scaffolds were constructed via
direct-write assembly of a concentrated HA ink using
a robotic deposition apparatus (JL2000 Robocaster,
Sandia National Laboratories, Albuquerque, NM). This
technique employs an ink delivery system mounted on a
z-axis motion-controlled stage for agile printing onto a
moving x  y stage. Note, 3-axis motion is independently controlled by a custom-designed, computer-aided
direct-write program (Robocad 3.0, 3-D Inks, Stillwater,

Fig. 1. (a) Schematic illustrations of the 3-D periodic scaffold design
and (b) corresponding optical image of a hydroxyapatite scaffold
(6.5  6.5  6 mm3) created by direct-write assembly with center-tocenter rod distance of 500 mm.

OK). The ink is housed in a syringe (barrel diameter ¼ 9 mm, EFD, Inc., East Providence, RI) and
deposited through a cylindrical deposition nozzle
(diameter, D) at the volumetric ﬂow rate ( ¼ 0.25pD2v)
required to maintain a constant x  y table speed (v).
The deposition process was carried out under a nonwetting oil to prevent non-uniform drying during
assembly.
Three-dimensional periodic HA scaffolds (6  6 
6 mm3) were assembled (D ¼ 250 mm, v ¼ 3 mm=s,
Dz ¼ 0:98D), which consisted of a linear array of
parallel rods aligned with the x- or y-axis such that
their orientation was orthogonal to the previous layer
(see Fig. 1). The center-to-center rod spacing (L) was
varied from 250 to 750 mm, which corresponds to a
minimum separation distance (Drod) between rods
ranging from 0 to 500 mm. Once a given layer is
constructed, the nozzle is translated up a distance Dz
and another layer is deposited. This process is repeated
until the entire scaffold has been printed. After assembly
is completed, the oil is drained from the part and the
scaffold is allowed to dry uniformly in air. Note, solid
HA scaffolds (Drod ¼ 0 mm) were also constructed,
which served as a benchmark for evaluating the effects
of sintering temperature on HA densiﬁcation.
2.6. Sintering and characterization of hydroxyapatite
scaffolds
HA scaffolds were sintered at various temperatures
(1200–1300 1C) to achieve the desired degree of densiﬁcation. This temperature range was utilized, because it
promotes HA densiﬁcation without decomposition
[15,27]. Speciﬁcally, the HA scaffolds were heated at
1 1C/min to 400 1C for 1 h, then at 3 1C/min to 900 1C for
2 h, and, ﬁnally, at 10 1C/min to the sintering temperature (hold time ¼ 2 h). The sintered HA scaffolds were
characterized by X-ray diffraction (Rigaku D-Max,
Rigaku Corporation, Japan) to determine whether
any phase changes occurred during this process. The
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Open Porosity ð%Þ ¼
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scaffolds were also imaged using scanning electron
microscopy (SEM) (Ziess DSM 960, Carl Zeiss, Inc.,
Germany) to evaluate their microstructural evolution. The
pore size distribution and ﬁnal pore volume of representative 3-D periodic HA scaffolds (Drod ¼ 250 mm) were
characterized by mercury intrusion porosimetry (MIP)
(AutoPore II 9220, Micromeritics, Norcross, GA). In
addition, the sintered density (rs ) of 3-D solid HA
scaffolds (Drod ¼ 0 mm) was characterized using the
Archimedes’ method [28]. Their sintered density and open
porosity were determined by:
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where Mdry is the scaffold mass, Msat the scaffold mass
measured in air after immersion in boiling deionized water
for 2 h prior to cooling to room temperature, and Msusp
the mass found by suspending the saturated scaffold in
deionized water.

3. Results and discussion
3.1. Calcining and milling effects on hydroxyapatite
powder properties
The as-received HA powder had a speciﬁc surface area
(SSA) of 75.7 m2/g. Upon calcining at 1100 1C for 10 h,
there was a dramatic change in powder morphology
yielding a ﬁnal SSA value of 3.8 m2/g. Even though the
most signiﬁcant SSA reduction occurred upon calcining
at 1100 1C for 0.5 h (see Fig. 2(a)), the optimal powder
morphology emerged only after calcining at this temperature for several hours. This can be seen in the
accompanying SEM images shown in Fig. 2(b), which
reveal the morphological evolution observed for representative HA particles as a function of calcination time at
1100 1C. Longer times (10 h) are clearly required for
these particles to adopt the nominally smooth, pore-free
morphology, which is considered optimal for creating
concentrated HA inks for direct-write assembly.
3.2. Rheological properties of concentrated
hydroxyapatite suspensions
The relative suspension viscosity (Zrel ) is a sensitive
probe of the effects of particle stability and morphology
on ﬂow behavior. For model systems comprised of
dense, monodisperse hard spheres, Zrel is given by the
Krieger–Dougherty (K–D) relationship [29]:
Zrel ¼

Zapp
f Kfmax
¼ ð1 
Þ
,
fmax
Z0

(3)

(b)
Fig. 2. (a) Plot of speciﬁc surface area of hydroxyapatite powder as a
function of calcination time at a ﬁxed temperature of 1100 1C, and (b)
SEM micrographs of individual particles from the as-received and
calcined (at 1100 1C) hydroxyapatite powder at varying hold times.

where Zapp is the apparent suspension viscosity, Z0 the
solution viscosity, f the colloid volume fraction, fmax
the maximum colloid volume fraction (0.6–0.64
corresponding to random close packing of hard
spheres), and K the hydrodynamic shape factor ( ¼ 2.5
for monodisperse hard spheres). One can therefore use
Eq. (3) to determine the ideal value of Zrel as a function
of f depicted by the solid curve shown in Fig. 3. For
comparison, we also report the measured values of Zrel
as a function of fHA for suspensions produced from
both as-received and optimized (calcined and milled)
HA powders (see Fig. 3). Note, the short dashed lines
are ﬁts to these data using a modiﬁed form of the K–D
relationship, where fmax and K are now ﬁtting
parameters. The effects of HA particle morphology are
evident from both the magnitude of Zrel as well as the
value of these parameters (i.e., fmax 0:35, K ¼ 11 for
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Fig. 3. Semi-log plot of the relative viscosity (Zrel ) of hydroxyapatite
suspensions as a function of hydroxyapatite volume fraction prepared
from as-received (J) and calcined (K) hydroxyapatite powder. [Note:
Dashed lines represent K–D ﬁts to these data, where Zo ¼ 0:03 Pas,
K asreceived ¼ 11, and K calcined ¼ 6. Solid line represents the K–D
equation where K ¼ 2:5.]

the as-received HA powder and fmax 0:5, K ¼ 6 for the
calcined HA powder) required to best ﬁt the observed
data. Although deviations in K were expected given the
non-spherical nature of individual HA particles, the
sharp reduction in fmax observed for the as-received HA
powder is clearly a manifestation of its highly porous
nature. Effectively, each individual HA particle acts a
‘‘sponge’’ absorbing liquid, and, thereby, increasing the
effective solids loading in suspension. The primary
consequence is a sharp decrease in fmax from the
maximum value of 0.6–0.64 for observed monodisperse
hard spheres [29]. By optimizing the HA powder
characteristics through calcination and milling, we
obtained the high solids loading (45–50 vol%) required for creating inks for direct-writing of 3-D
periodic scaffolds [24].
HA inks were produced by ﬁrst creating stable HA
suspensions (f ¼ 0:45) followed by ﬂocculation through
the addition of a gelling agent, PEI [30], to enhance ink
elasticity, as shown in Fig. 4. In this approach, positively
charged, amine [NHx] groups along the PEI backbone
interact with negatively charged, carboxylic acid
[COO] groups along the PAA backbone to induce
the desired gelation of PAA-coated HA particles in
suspension [30]. Interestingly, even in the absence of
PEI, the HA suspension exhibits a gel-like response with
an elasticity (G0 ) of 6  104 Pa. Upon increasing PEI
additions, the ink elasticity increases, which reﬂects a
strengthening of the gelled HA particle network. The

0.8

1

Fig. 4. The elastic modulus (G0 ) as a function of PEI addition,
expressed as a ratio of [NHx]:[COO], for concentrated hydroxyapatite
suspensions (fHA ¼ 0:45).

maximum ink elasticity occurred at a [NHx]:[COO]
ratio of 1:2 with little further increase observed at higher
PEI additions.
The minimum ink elasticity required to build a given
3-D periodic HA scaffold can be estimated using the
following equation:
G 0 ¼ 1:39  104 rgel g0

L4
,
D3

(4)

where rgel is the ink density (2.05 g/cm3), g0 the
gravitational constant, L the span length, and D the
rod diameter. This expression, assumes a simply supported, elastic beam model to describe the ﬁlamentary
rods, as ﬁrst reported by Smay et. al. [24]. These rods can
be likened to a beam with a circular cross-section that
deﬂects (dz) under its own weight, as given by:
dz ¼

Wy
ð2Ly2  y3  L3 Þ,
24EI

(5)

where W is the distributed load ( ¼ 0.25rgelg0pD2), y the
position along the rod, E the elastic modulus of the
ﬁlament (E ¼ ð1 þ nÞ2G 0 ) [31], nð¼ 0:5Þ the Poisson’s
ratio for the ﬁlament [32], and I the area moment of
inertia of the circular cross section ( ¼ pD4/64) [24].
A minimum needed G0 of 7  104 Pa is predicted using
this analysis for the 3-D HA scaffold (L ¼ 250 mm,
D ¼ 250 mm) shown in Fig. 1. Concentrated HA
inks ([NHx]:[COO] ¼ 0.5), which exhibit a G0 of
1.2  105 Pa and therefore satisfy this criteria, were
utilized in the direct-write assembly of the 3-D periodic
HA scaffolds described below. In the absence of PEI
additions, the ink-based ﬁlaments were not sufﬁciently
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Fig. 5. Optical images of 3-D periodic hydroxyapatite scaffolds with varying minimum separation distance between rods of: (a) 250 mm, (b) 350 mm,
and (c) 500 mm. And the corresponding SEM images (d–f) (top surface)

Fig. 6. SEM images of 3-D periodic hydroxyapatite scaffolds sintered at: (a) 1200 1C, (b) 1275 1C, and (c) 1300 1C, where top and bottom rows
correspond to magniﬁcations of 1000  and 2000  , respectively.

stiff to span gaps in the underlying layers without
signiﬁcant deformation (dz40:05D).
3.3. 3-D periodic HA scaffolds
3-D periodic HA scaffolds with center-to-center rod
spacings of 500, 600, and 750 mm were constructed by
direct-write assembly, as shown in Fig. 5. By varying the
lattice (rod) spacing, HA scaffolds were produced with
three-dimensionally, interconnected pore channels of
varying respective sizes, Drod 250, 350, and 500 mm.
SEM images of the top surface of representative HA
scaffolds are also shown in Fig. 5, which reveal the rod

and pore channel uniformity in each of these 3-D
structures.
3-D periodic HA scaffolds were sintered at varying
temperatures between 1200 and 1300 1C to tailor their
microporosity. Under these sintering conditions, HA
(Ca5(PO4)3(OH)) remains the dominant phase with no
evidence of HA decomposition, as determined by XRD
(data not shown). Fig. 6 depicts SEM micrographs of
representative sintered HA scaffolds. From these
microstructual images, we observed qualitatively that
the number density of individual pores decreased along
with a simultaneous increase in characteristic grain size
with increasing sintering temperature.
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Fig. 8. Semi-log plot of pore size distribution measured for 3-D
periodic hydroxyapatite scaffolds as a function of sintering temperature.

The inﬂuence of sintering temperature on the extent
of open porosity (or bulk density) for solid HA
structures (Drod ¼ 0 mm) is shown in Fig. 7. As a
benchmark, the as-deposited HA structure contained
55% open porosity, in good agreement with the HA
ink composition (fHA ¼ 0:45). Upon sintering to
1200 1C, there was little observed reduction in the open
porosity (40%). At 1250 1C, there was a two-fold
reduction in the open porosity (20%). The open
porosity became negligible yielding a ‘‘dense’’ HA

structure (p2% open porosity) only after sintering at
1300 1C.
The 3-D periodic HA scaffolds sintered at varying
temperatures exhibit a bimodal pore size distribution, as
shown in Fig. 8. Their bimodal nature reﬂects contributions from both large pores stemming from the void space
between HA rods within the scaffold structure and ﬁne
pores stemming from the microporosity present within
individual HA rods. The characteristic size of each pore
population is plotted as a function of sintering temperature in Fig. 9(a). The characteristic pore diameter
between rods (Dinter-rod150–200 mm) decreases gradually
as the scaffolds shrink upon densiﬁcation. In great
contrast, the characteristic micropore diameter (Dmicro)
decreases abruptly at 1275 1C, which coincides with the
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transition from open to closed porosity. The corresponding pore volume associated with each population of
porosity within the HA scaffolds is shown in Fig. 9(b).
Whether normalized by sample mass or total volume, the
pore volume associated with the larger pores in the HA
scaffold lattice remains nearly constant, whereas the
micropore volume decreases substantially with increasing
sintering temperature.

4. Conclusions
Concentrated HA inks suitable for the direct-write
assembly of 3-D periodic scaffolds require both a high
solids loading (45 vol%) and high elastic shear
modulus (105 Pa). 3-D HA scaffolds comprised of a
regular array of HA rods were fabricated. By varying
the center-to-center rod spacing and sintering conditions, we developed scaffolds with a bimodal pore
architecture. In a collaborative effort, in vivo studies are
now underway to explore the role of HA scaffold
architecture on bone ingrowth.
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