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Three-dimensional printing (3DP) is a versatile method to produce scaffolds for tissue engineering. In 3DP
the solid is created by the reaction of a liquid selectively sprayed onto a powder bed. Despite the impor-
tance of the powder properties, there has to date been a relatively poor understanding of the relation
between the powder properties and the printing outcome. This article aims at improving this under-
standing by looking at the link between key powder parameters (particle size, flowability, roughness,
wettability) and printing accuracy. These powder parameters are determined as key factors with a pre-
dictive value for the final 3DP outcome. Promising results can be expected for mean particle size in the
range of 20–35 lm, compaction rate in the range of 1.3–1.4, flowability in the range of 5–7 and powder
bed surface roughness of 10–25 lm. Finally, possible steps and strategies in pushing the physical limits
concerning improved quality in 3DP are addressed and discussed.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

A paradigm shift is taking place in medicine from using syn-
thetic implants and tissue grafts to a tissue engineering approach
that uses degradable porous material scaffolds integrated with bio-
logical cells or molecules to regenerate tissues [1]. Tissue engineer-
ing is commonly defined as an interdisciplinary field that applies
the principles of engineering and life sciences toward the develop-
ment of biological substitutes that restore, maintain or improve
tissue function or a whole organ [2]. The standard approach in
bone tissue engineering is based on scaffolds seeded and cultivated
with bone cells in vitro or in vivo. Scaffolds typically consist of
highly porous three-dimensional (3-D) structures that aim at tem-
porarily mimicking the natural extracellular matrix of bone. In this
sense scaffold engineering sets high demands on design and
material.

From a material point of view, timing between resorption and
tissue growth rate is critical for the choice of an adequate material.
In that respect, calcium phosphate (CaP) ceramics are promising
candidates because they have a long history and are widely used
in synthetic bone replacement due to their chemical similarity
with bone minerals [3,4]. More importantly, some calcium phos-
ia Inc. Published by Elsevier Ltd. A
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phates, such as b-tricalcium phosphate (b-TCP; Ca3(PO4)2), are
known to provide a smooth transition between a bone defect and
mature bone [5].

From a design point of view conventional production tech-
niques fail to meet the high demands of highly porous and inter-
connected porous networks for cell growth, flow transport of
nutrients and metabolic waste [6]. Therefore layer-based solid
free-form fabrication, also referred as rapid prototyping, is a seri-
ous alternative [1]. Three-dimensional printing (3DP) is a versatile
solid free-form technique characterized by a high flexibility in
material and geometry [7]. A broad range of powdered materials
can be synthesized by 3DP to simple solid or complex-shaped scaf-
folds. Powder-based 3DP is also capable of generating well-defined
open porous cellular solids out of bioactive calcium phosphate
powder [8–11]. Using calcium phosphate powders local solidifica-
tion can be achieved by ejecting a liquid (binder) out of a printhead
onto the powder. In this case binding results from the formation of
crystals between the powder particles. More details on 3DP can be
found in a recently published review article [7].

One of the drawbacks of 3DP is its relatively limited spatial res-
olution, typically close to 0.1–0.2 mm [12,13]. Also, as printed scaf-
folds lay in a powder bed and as it is difficult to remove powders
from small cavities, porous scaffolds can only be printed with pores
larger than �0.5 mm [14–17]. Unfortunately, this value is at the
upper limit of the pore sizes that are supposed to be adequate
for tissue engineering [18]. Therefore, there is a great need to
ll rights reserved.

http://dx.doi.org/10.1016/j.actbio.2011.08.027
mailto:Andre.Butscher@rms-foundation.ch
http://dx.doi.org/10.1016/j.actbio.2011.08.027
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


374 A. Butscher et al. / Acta Biomaterialia 8 (2012) 373–385
improve printing resolution and accuracy in order to produce more
relevant scaffold architectures. There are several process factors
limiting the 3DP accuracy. There are printing system factors such
as positioning and resolution of the printhead as well as its small-
est binder drop size. The binder drop size is highly critical due to its
ballistic impact on the powder bed. Powder bed stability is defined
in this paper as the capacity of the powder bed to withstand ballis-
tic impact or deposition of a new powder layer. However, print-
head technology in most cases is a black box for applied 3DP
research in the area of tissue engineering. Therefore focusing on
powder and binder solution properties is reasonable. One approach
to reach higher accuracy is to improve the powder properties.
Unfortunately, the relation between the initial powder properties
and the final quality of printed scaffolds is poorly understood [7].
In the literature, suggestions for particle size minima can be found
between 10 and 50 lm in order to overcome critical spreading is-
sues of dry powder particles [12,19,20]. Particles are also suggested
to be less than 40 lm in order to obtain acceptable resolution,
while resolution is at least twice the powder size [19]. However
these suggestions are just rough guidelines. They do not take into
consideration the particle morphology and surface roughness
(affecting the flowability) or the surface free energy (affecting the
wettability with the binder solution), both crucial factors for 3DP.
Therefore this study aims at better understanding the interplay be-
tween powder properties and 3DP printability. In printing and
thick film technology [21–23], the term printability generally re-
fers to rheology and thixotropy (shear-stress-dependent viscosity)
of suspensions or gels. In this paper printability is defined by pow-
der characteristics essential for the 3DP process such as reactivity,
flowability and wettability. This paper focuses on the flowability
and wettability as basic preconditions for powder-based 3DP.

Flowability of powdered material is an essential parameter for
the layer-based additive process of 3DP. High flowability of ade-
quate powders allows the roller to build up thin layers (recoating)
and thus high 3DP resolution. A too low flowability reduces the
printing resolution due to insufficient recoating. A too high flow-
ability does not provide a powder bed stability large enough for
3DP. Another crucial factor for 3DP is the wettability of the powder
bed particles by the binder solution. The amount of binder solution
absorbed and the volume distributed within the powder bed deter-
mines resolution (voxel size) and mechanical properties (strength
of chemical bonding). However, the wetting mechanism of a pow-
der by binder droplets is very complex [24]. A too low wetting of
fine powder particles can result in powder bed rearrangement pos-
sibly detrimental for further 3DP [25]. A too high wetting and slow
powder reaction will reduce the smallest feature size.

The above-mentioned principles suggest that a relation be-
tween powder properties and the final 3DP scaffold properties
must exist. However, there is a lack of knowledge in this relation,
partly due to limited methods to determine powder flowability
and wettability. In spite of the given theoretical and technical lim-
itations, this study aims at a better understanding of the interplay
between relevant powder properties and printability for currently
available methods. This allows systematic comparison of powders
and sets a foundation for further improvement in 3DP for scaffold
engineering applications.
2. Material and methods

2.1. Powders

Five custom-made b-tricalcium phosphate (b-TCP, b-Ca3(PO4)2)
powders (Medicoat AG, CH) were used in this study (Table 1).
These powders had different particle size distributions (small (S),
medium (M), large (L), extra large (XL), and extra-extra large
(XXL)). Moreover, a part of the smallest fraction was plasma-trea-
ted (SPlasma) to enhance its flowability (see details hereafter). Addi-
tionally, two control powders were included in this study. The first
one (ZP 130, Z Corporation, Burlington, MA, USA) is sold by the
company manufacturing the 3-D printer used in this work. The sec-
ond powder is an a-TCP produced according to a procedure de-
scribed in detail in Ref. [26]. The only differences are the use of a
lower Ca/P ratio (1.45) and slightly higher sintering temperatures
(1400 �C). This a-TCP powder is more reactive than b-TCP, but
availability and cost justify the use of b-TCP as the main test
material.

A 0.45:1 M ratio blend of calcium carbonate powder (CC, CaCO3;
Merck, Germany, Art. No. 102076) and dicalcium phosphate pow-
der (DCP, CaHPO4; GFS Chemical, USA, Art. No. 1548) was mixed
end-over-end for 1 h using a Turbula mixer (Bachofen, Switzer-
land). It was then calcined at 900 �C for 1 h in an LHT 02/16 furnace
(Nabertherm, Germany), cooled to room temperature and ground
in a mortar with a pestle until all could pass through a 0.125 mm
sieve. The calcined and sieved blend was then placed on calcium
stabilized ZrO2 plates (S-3406, Zircoa, USA), sintered at 1400 �C
for 4 h and then removed from the furnace to quench the powder
in air. The sintered powder was then broken in a jaw crusher
(BB51, Retsch, Germany), milled and sieved to get the desired par-
ticle range.

The plasma treatment was conducted in a plasma downstream
reactor according to a patented procedure [27] described in detail
in the literature [28–30]. In this process the flowability can be en-
hanced by plasma-enhanced chemical vapour deposition of SiOx

nanoparticles on the surface of the substrate powder. The nanopar-
ticles emerge from the monomer hexamethyldisiloxane (HMDSO)
and act as spacers between the substrate powder particles, thus
increasing the distance between their surfaces and reducing the
predominant van der Waals forces [31].

2.2. Powder characterizations

Various characterizations techniques were applied on the tested
powders, including X-ray photoelectron spectroscopy (XPS) to
determine the surface composition of plasma-coated particles, la-
ser diffractometry to determine the particle size distribution
(PSD) of the powders, scanning electron microscopy (SEM) to visu-
alize particle morphology, X-ray diffraction (XRD) to check the
crystalline composition, nitrogen adsorption to quantify the spe-
cific surface area (SSA) of the powders, a ring-shear tester and cus-
tom-made funnels to determine the powder flowability, and finally
a tensiometer to measure powder wettability. Details of these var-
ious techniques are given hereafter.

2.2.1. X-ray photoelectron spectroscopy
The amount of SiOx nanoparticle deposition on the surface of

the substrate TCP powder was investigated using XPS analysis
(Axis NOVA, Kratos Analytical, Manchester, UK). The photoelec-
trons were excited using monochromatic AlKa radiation with a
power of 225 W (15 kV, 15 mA); an area of 700 � 300 lm2 was
analysed. The analyser ran in the fixed-analyser-transmission
mode with a pass energy of 40 eV for the detailed and 80 eV for
the survey spectra (full width at half-maximum for Ag 3d5/2 = 0.6
and 0.9 eV, respectively) at a take-off angle of 90�. The residual
pressure was below 1 � 10�6 Pa. The system was calibrated
according to ISO 15472:2010 with an accuracy of ±0.05 eV or
better.

The data processing was performed using CasaXPS software
(V2.3.15, Casa Software Ltd., UK). Charging of the sample was cor-
rected by referencing aliphatic carbon to 285.0 eV [32]. Prior to the
peak fitting an iterated Shirley background was subtracted [33].
For the calculation of the quantitative composition the peak areas



Table 1
Percentiles of particle size distribution (d10/d50/d90), specific surface area (SSA), bulk and tapped densities, and compaction (ratio of bulk and tapped densities).

Powder d10/d50/d90 (lm) SSA (m2 g�1) qBulk (kg m�3) qTapped (kg m�3) qTapped/qBulk (�)

S 2/7/14 1.01 ± 0.01 662 ± 13 1299 ± 22 1.96
SPlasma 2/7/14 1.01 ± 0.01 955 ± 8 1505 ± 5 1.58
M 11/18/28 0.34 ± 0.02 1055 ± 2 1440 ± 3 1.36
L 16/27/39 0.30 ± 0.02 1108 ± 7 1428 ± 3 1.29
XL 15/35/54 0.32 ± 0.01 1061 ± 1 1346 ± 14 1.27
XXL 20/51/75 0.29 ± 0.01 1065 ± 4 1297 ± 6 1.22
ZP 130 8/32/79 0.62 ± 0.02 1169 ± 2 1579 ± 6 1.35
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were corrected by the transmission function and the sensitivity
factors given by Kratos assuming a homogeneous compound.
2.2.2. Particle size distribution
The particle size distribution of the dry powder was measured

by laser diffraction (Helos & Rodos, Sympatec, Germany). For this
purpose the powder was reproducibly dispersed by a vibratory
chute feeding the powder into an air stream prior to laser diffrac-
tion measurement.
2.2.3. Scanning electron microscopy
Scanning electron microscopy (Zeiss EVO MA 25, Zeiss, Ger-

many) was used to assess the particle morphology of the different
powder fractions. The samples were sputtered (SCD 050 Sputter
Coater, Baltec, Switzerland) with a thin layer of gold (�10 nm,
sputter time 40 s at 40 mA) and carbon (two-ply carbon yarn,
8 � 10�6 mbar vacuum). For high resolution (magnification of
40,000) SEM pictures, the samples were only sputtered with a very
thin gold layer (�7 nm, 25 s at 40 mA).
2.2.4. X-ray diffraction
X-ray diffraction patterns were measured on a Philips PW1800

diffractometer with graphite-monochromated CuKa1 radiation in
the range 4–60� 2h. The quantitative phase composition was deter-
mined by Rietveld refinement using the software FullProf.2k ver-
sion 4.40 [34]. Structural models were taken from Dickens et al.
[35] for b-TCP, Sudarsanan and Young [36] for hydroxyapatite,
Boudin et al. [37] for b-calcium pyrophosphate and Mathew et al.
[38] for a-TCP. No other phases were identified in the diffraction
patterns. Crystallite sizes of the main phases were calculated from
isotropic peak broadening using the Scherrer equation [39]. Since
the different b-TCP powder fractions were all produced from the
same raw material, X-ray diffraction data were determined for
samples of the powder fractions S, SPlasma, M, XL only. Additionally
for comparison reasons XRD patterns were also recorded for the ZP
130 and a-TCP powder samples.
2.2.5. Specific surface area
The SSA was determined by nitrogen adsorption (Gemini 2360,

Micromeritics, USA), applying the Brunauer Emmet Teller (BET)
equations. The TCP powders were dried at 130 �C for 3 h in order
to remove moisture residuals prior to the SSA characterization.
The ZP 130 powder was heated up to a temperature of 100 �C only,
due to thermal decomposition at approximately 130 �C.
2.2.6. Bulks and tapped density
Bulk and tapped densities were determined according to stan-

dardized test methods [40,41]. While for the bulk density a given
powder volume was weighed without tapping, the powder speci-
men for the tapped density was first tapped with 150 taps and then
weighed.
2.2.7. Flowability
2.2.7.1. Ring shear tester. According to Schulze [42] powder flow-
ability can be reproducibly measured with a ring shear tester
(RST-XS, Schulze Schüttgutmesstechnik, Germany).

The ring shear cell was filled with a volume of 30 ml powder,
the pre-shear stress was set to 1500 Pa, and shear stresses of
300/750/1200/300 N were applied. The measurement was re-
peated three times for each sample. Flowability was expressed
by the so-called flow factor (ffc). According to Ref. [43], ffc is defined
as the ratio of the consolidation stress r1 and the compression
strength rc:

ffc ¼
r1

rc

Schulze proposed the following classification as a measure for the
following qualitative flowabilty ranges: ffc > 10: free flowing,
4 < ffc < 10: easy flowing, 2 < ffc < 4: cohesive, 1 < ffc < 2: very cohe-
sive, ffc < 1: non-flowing.

2.2.7.2. Custom-made glass funnel method. A simple alternative
based on funnels was used to assess flowability. For that purpose,
glass funnels (diameter: 46 mm, angle: 35�) with different orifices
(diameter of 8/12/18/24/30/36 mm) were filled in a reproducible
manner and lifted up by hand (Fig. 1). If the powder flew out, the
procedure was repeated with the next smaller diameter. The out-
come was a simple but reliable pass/nonpass powder ranking for
different cylinder orifices.

2.2.8. Wettability
Wettability of the powder was quantified by measuring the

contact angle between the fluid/gas and the fluid/solid interface.
As the powder surface was not dense and smooth, the contact an-
gle between the baseline of the drop and the tangent at the drop
boundary had to be measured dynamically, using a high speed
camera and an automated drop positioning system. An attempt
was made to use the Drop Shape Analysis DSA 100 (Krüss,
Germany) but unfortunately this method delivered irreproducible
results. Specifically, positioning of small binder drops was difficult.
Additionally the reproducibility of the powder bulk and surface
preparation was poor and highly impacted the results. Therefore
this approach was replaced by the more robust capillary penetra-
tion method described in detail in the literature [24,44]. A sche-
matic illustration of this method can be found in Fig. 2 [45]. Each
powder was filled and compacted in a glass cylinder with a perme-
able bottom. The capillary force is mainly determined by the void
dimensions between the particles and their surface properties.
The measurements were performed with a Tensiometer K100
(Krüss, Germany). The contact angle H was derived from the
Washburn equation [46,47]:

m2

t
¼ c � q2

L � rL cos H
gL

where m is the mass of absorbed liquid, t the absorption time, c the
capillary constant, qL the liquid density, rL, the surface tension of



Fig. 1. Custom-made glass funnels with different orifices (here diameter 8 mm) used for simple glass funnel flowability measurement.

Fig. 2. Schematic illustration of the contact angle measurement according to
Washburn (with permission by Dr. C. Arpagaus).
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the liquid, and finally gL the dynamic viscosity of the liquid. The
penetration rate (m2/t) is determined by linear regression in the lin-
ear part after initial wetting and before the fluid reaches the top of
the wetted powder specimen. The capillary constant c was deter-
mined in a pre-test using a perfectly wetting liquid (n-hexane with
a contact angle of nearly H = 0� (cosH = 1), Fluka No. 52770). Since
this constant depends on the powder and its degree of compaction,
it was determined for each investigated powder. Furthermore, pow-
der compaction was performed in a reproducible manner described
in detail in Supplementary data.

Ideally, the contact angle measurements should be performed
with the liquid used for 3DP. But since the 10 wt.% phosphoric acid
solution would react with the tested powder, a 0.2 M Na2HPO4

solution was used for the wetting experiments. More details con-
cerning the wettablity measurement can be found in the Supple-
mentary data.

2.3. 3-D printer

A commercial 3-D printer (Zprinter 310plus, Z Corporation, Bur-
lington, USA) was used in this study. However, custom-made feed
and build reservoirs were installed to reduce the build volume to
�10% of the ZCorp original setup to allow 3DP with smaller powder
amounts. Printing parameters were adjusted to a layer thickness of
88 lm and a binder/volume ratio of 0.28 for the shell and 0.14 for
the core of the 3DP part. Printing parameters were chosen accord-
ing to the literature [48] and kept constant for all printing tests.
After printhead (HP 10 black printhead, C4800A, ink drop size 35
pl according to HP) purging with water, diluted 10 wt.% phosphoric
acid was used as a binder solution. Phosphoric acid solution par-
tially dissolves the calcium phosphate powder, subsequently lead-
ing to precipitation of new calcium phosphate crystals bridging the
powder particles together.

3-D models were generated with the CAD software NX 7.5 and
imported to the 3-D printing software in the ‘‘.stl’’ (stereolitogra-
phy) file format. In this study a pyramid geometry (step size
2 mm, overall length/width/height 20 mm) was used for compari-
son of 3DP of the different powder fractions.

2.4. Powder bed and scaffold characterizations

2.4.1. Roughness of the powder bed
Surface roughness analysis of 3-D printed parts can be found in

the literature [49]. In this study the roughness of the powder bed
prior to binder deposition was quantified with a new method de-
scribed in more details in Supplementary data. In summary, the
3-D printer was used to staple five powder layers, and the resulting
bed surface was photographed from two different angles using
SEM. A surface reconstruction algorithm was then applied to quan-
tify the surface roughness.

2.4.2. Characterization of the printed scaffolds
For all the powder fractions, pyramid structures were printed if

feasible three times, cleaned with compressed air and finally pho-
tographed in a reproducible manner. This procedure served to
qualitatively assess the 3DP outcome, taking into account the
whole 3DP process chain. Since the quality of the printed parts dif-
fered drastically with a change of raw materials, no further charac-
terization was performed.

2.5. Statistics

Statistical analysis was done using a two-way ANOVA and stu-
dent t-test.

3. Results

In Fig. 3 an overview and a close up of the particle morphology
of every powder class are presented. The SEM images show that
the b-TCP particles have an irregular shape, with mostly sharp
edges. Whereas the largest particle fractions consist of single par-
ticles, the smallest fraction seems to consist of agglomerates. Nev-
ertheless, the PSD (Fig. 4) of the b-TCP powders was monomodal.
The PSD of the small particles was broader than that of the other
powders. The SEM photos also showed a clear variation of the



Fig. 3. Particle size and morphology of different powder fractions overview (left, 100 lm bar) and close up (right, 20 lm bar).
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particle size between the various b-TCP powders, in agreement
with the particle size distribution measurements. The ZP 130 pow-
der contained hexagonal prisms and a broad PSD. The mean parti-
cle sizes of the b-TCP powders determined by laser diffractometry
were in the range of 6.6 ± 0.1 lm (S) to 50.7 ± 0.1 lm (XXL). The
value for the XL fraction (35.13 ± 0.04 lm) was close to the mean



Fig. 3 (continued)
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particle size of the ZP 130 powder (31.9 ± 0.2 lm). Detailed results
of the density distributions of the different powder fractions are
summarized in Table 1. Fractions are classified according to their
median particle size d50 of 8 lm (S), 6 lm (SPlasma), 18 lm (M),
29 lm (L), 40 lm (XL) and 40 lm (XXL). Further characterizations
of the different powders are summarized in Table 1. Besides the
powder size, SSA and bulk/tapped densities are presented.

The XRD measurement revealed a high b-TCP phase quantity
(>95%) as well as small amounts of HA (<1%) and b-CPP (4%). The
a-TCP sample was highly pure (99%), despite the fact that a nom-
inal Ca/P ratio of 1.45 was selected to achieve higher sinterability.
The ZP 130 consisted mostly of calcium sulfate hemihydrate (CSH,
CaSO4�0.5H2O) as well as small amounts of calcium sulfate anhy-
drate (CSA; CaSO4). Crystallite sizes were determined in the range
of 110–155 nm and 45–65 nm for b-TCP and a-TCP respectively.
The a-TCP revealed about three times smaller crystallite size,
leading to even higher reactivity and improved crystallization
rate.
The XPS analysis revealed further insights in the chemical com-
position of the plasma deposited nanostructures. Fig. 5 shows the
survey and detailed spectra of plasma-treated and untreated pow-
der with prominent signals of oxygen, calcium, carbon, phosphorus
and silicon. The binding energies of calcium, phosphorus and oxy-
gen (Table 2) were as expected for a calcium phosphate compound
[50]. On the untreated powder, a Si2p signal was found at 102.6 eV,
which corresponded to silicates or silicones [50]. On the plasma-
treated powder, the Si2p signal was with 103.3 eV at a much high-
er binding energy. Similar binding energies were found for plasma
generated SiOxCy compounds [51]. Carbon was due to organic con-
tamination on the sample and in the case of the plasma-treated
powder partially due to carbon incorporated into the SiOxCy coat-
ing. The ratio of calcium to phosphorus was 1.4 ± 0.1:1, which is
close to the theoretical ratio of 1.5 for b-TCP (b-Ca3(PO4)2).

The interplay between particle size, flowability and roughness
of the b-TCP powder fractions are graphically illustrated in Fig. 6.
These results revealed a linear correlation (R2 = 0.96) between
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the median particle size (d50) and flowability. The statistical model
detected significant differences between the different ffc values
(p < 0.05).

Qualitative results of printed surface roughness analysis can be
found in Supplementary data (Fig. S2) while quantitative results
are depicted in Fig. 7. No correlation (R2 < 0.1) was found for the
surface roughness. The statistical model revealed significant differ-
ences for the overall dataset (p < 0.05). Comparison of the M frac-
tion to all other fractions resulted in significant differences
(p < 0.05).

Contact angle measurement results with 0.2 M Na2HPO4 are de-
picted in Fig. 8. For this setup and specimen used in this investiga-
tion the contact angle values were small (good wettability) for
large particles and large (poor wettability) for small particles. For
the plasma-coated powder, no phosphate solution could be sucked
up, suggesting a contact angle >90�. As a result, it was not possible
to determine the contact angle according to Washburn. A similar
outcome was noticed with the ZP 130 powder due to immediate
hydraulic reaction.

Quantitative results of flowability, surface roughness and con-
tact angle measurements are summarized in Table 3.

Printing tests (Fig. 9; the complete results are presented in Sup-
plementary Fig. S3) revealed that 3DP was not feasible with parti-
cles either too small (S) or too large (XXL) – not feasible in the
sense that the pyramid steps were either distorted (XXL) or par-
tially not built at all (S).

For fractions S and SPlasma, printing was stopped after one trial
due to unacceptable powder bed recoating. For comparison the
same pyramids were also printed with the standard ZCorp powder
ZP 130 with the ZCorp binder Zb 58 as well as custom-made a-TCP
powder with the same 10 wt.% phosphoric binder solution as used
for the b-TCP fractions.
4. Discussion

The goal of this study was to relate powder properties and
printability in a 3DP printer. For that purpose, a systematic ap-
proach was used where powders of the same composition (b-
TCP) but different particle size distributions were used for 3-D
printing. In all tests, the same binder solution (10 wt.% phosphoric
acid) and printing parameters were used. For simplicity the satura-
tion was kept constant for all powders. It is believed that this is jus-
tified since the bulk density varied in a small range except for the S
fraction (Table 1). However, the poor printing adequacy of the frac-
tion S was not due to a lack of binding but rather an issue of
flowability.

To assess the quality of the printed parts, two control groups
were used; one consisting of samples produced with the commer-
cial standard ZCorp powder ZP 130 and one consisting of samples
produced with home made a-TCP powder.

SSA results (Table 1) show relatively constant outcome except
for the S fractions (approximately three times higher) and the ZP
130 powder (approximately two times higher). High specific sur-
face is beneficial due to higher reactivity with the binder solution.
In this regard, the small powder fraction is superior to the other
powder fractions. However, for successful 3DP, flowability and
wettability needs to be taken into account. Small particles tend
to agglomerate, which can also be identified on the SEM pictures
(Fig. 3). In fine and dry powders, the attractive interactions be-
tween particles are mainly determined by van der Waals forces
[31], which are proportional to the particle size for two spheres
of equal size. For very fine or porous particles these forces can even
dominate gravitational forces and thus dramatically reduce flow-
ability. Therefore particle size and density are critical flowability
factors. Additionally, irregular shapes of single and agglomerated
particles induce poor flowability [52].

Flowability properties are difficult to estimate experimentally
[53] despite their importance in early civilization times, for exam-
ple for the storage of large quantities of bulk goods [54]. As a result,
flowability analysis is still a matter of current research [29,55,56].
The term flowability summarizes all information about the ability
of a bulk solid to flow under loads and arrange itself in its static
state [53]. In other words, particles are assumed to behave like a
fluid and are modelled as a homogenous continuum. However, this
analogy has limitations. For example, when a vertical pressure is
applied to a Newtonian fluid, the stresses are the same at every sin-
gle point of the continuum and in all directions. In contrast, result-
ing horizontal stresses for a powder are lower than vertical
stresses, with typical values for this relation in the range of 0.3–
0.6 [57]. Therefore, any conclusion drawn from fluid mechanics
might deceive and therefore this aspect needs special attention.
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Table 2
Binding energies and atomic ratios (normalized by phosphorus) of the untreated and
plasma-treated powder according to the XPS analysis.

Atomic ratio (normalized by phosphorus)

Ca2p3/2 P2p3/2 Si2p Si2p O1s C1s

Binding energies (eV) 347.7 133.4 102.6 103.3 531.5 285.0
Untreated sample 1.4 1.0 0.2 4.7 0.9
Plasma-treated sample 1.3 1.0 1.1 6.2 1.7

The accuracy of the binding energies is ±0.1 eV.
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This fact is especially critical taking into account that the vertical
stresses vary in every powder specimen, even for non-compacted
specimens due to gravitational forces. Therefore, reproducible
measurement of powder flowability is facilitated by systematic
compaction prior to testing.

Flowability is usually measured with simple funnel methods.
Two approaches are widespread. First, in ISO 6186 [58] the time
is recorded for a certain amount of powder to exit a well-defined
funnel. Second, in ISO 4324 [59] the angle of repose is calculated
by height measurement of a powder pyramid, where low angles
indicate a high flowability. However, these methods can be applied
to powders with easy flowing characteristics only. Especially for
the powder sizes used in 3DP, these methods have major limita-
tions and reproducibility is not optimal. Therefore a custom-made
funnel method was adapted and used to serve as a first and simple
indicator for the flowability and thus feasibility for 3DP. A more
sophisticated method according to Schulze [43] allows very repro-
ducible powder flowability measurement. According to the results
of this study (Table 3), ffc values between 5 and 7 (reference pow-
der ZP 130: 6.4 ± 0.04) seem to be optimal. While smaller values
inhibit proper recoating, larger values result in powder bed insta-
bility. When comparing ffc values with compaction results the fol-
lowing interesting relationship can be found for the powder size
range relevant for 3DP: large compaction (relation of tapped over
bulk density) seem to indicate poor flowability and vice versa
(Table 1), because the powder compacts already more under the
influence of gravity only if the flowability is high and the interpar-
ticle forces are low. During recoating the new powder bed is also
compacted to a certain degree. This compaction mechanism taking
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Table 3
Flowability ffc and funnel ranking, surface roughness Sa, contact angle a (values
after ± indicate standard deviation).

Powder ffc Funnel (mm) Sa (lm) a (�)

S 1.84 ± 0.07 36 40.2 ± 16.4 55.2 ± 2.3
SPlasma 3.59 ± 0.03 8 20.9 ± 11.7 >90�
M 5.34 ± 0.23 30 10.8 ± 0.9 26.0 ± 0.4
L 7.31 ± 0.18 30 24.4 ± 1.9 19.3 ± 1.4
XL 7.72 ± 0.29 24 32.7 ± 4.1 13.9 ± 7.9
XXL 11.21 ± 0.44 8 24.3 ± 1.7 4.8 ± 1.4
ZP 130 6.44 ± 0.04 36 22.3 ± 3.3 –
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place while distributing and compacting a new layer with the
counter rotating roller and its influence on flowability is not trivial
[60]. The amount of compaction during 3DP will be higher than
during bulk and lower than during tapped density measurement.
Therefore measurement of both density values provides valuable
predictive information concerning flowability and compaction rate
for 3DP.

High powder flowability only is not sufficient for 3DP. Large
powder particles (XXL, d50 = 51 lm) exhibit a very high flowability
(ffc = 11.2). However, 3DP of pyramids (Fig. 9) with XXL powder
demonstrates layer displacements due to low powder bed stability
and thus inadequate outcome. Additionally resulting powder bed
surface with such large particles results in low accuracy since the
largest particles determine minimal layer thickness and resolution.
Resolution is generally at least twice the dimension of the particle
size [19] while minimal layer thickness of at least three particles is
suggested to facilitate powder flow [61]. Last but not least, post-
printing depowdering with large particles and high surface rough-
ness is very difficult and often not feasible. Minimum cavity
diameter of five times the average powder size [62] is recom-
mended for simple cavities while for complex cavities and struc-
tures this value should be higher. Therefore small particles are
mandatory for high resolution. However, small particles typically
exhibit low flowability and high surface roughness. On the other
hand, a smooth surface quality of the top powder surface is re-
quired for 3DP [63]. Powder bed surface roughness (Table 3) exhib-
its a minimum in the range of the M powder. It can therefore be
concluded that powders providing a surface roughness in the range
of 10–30 lm (reference powder ZP 130: 22.3 lm) are adequate.
Minimized powder bed surface roughness does not, however, im-
ply minimized final surface roughness of 3DP solids. Another cru-
cial requirement for 3DP is the wettability of the powder bed by
the binder solution. Powder wetting depends on many parameters,
such as the contact angle between binder solution and powder, the
binder solution viscosity, the topography of the powder bed sur-
face (depending on particle shape and size) and the chemical reac-
tions occurring between binder solution and powder [67]. In more
detail microscopic and macroscopic contact angles need to be ana-
lysed separately [64]. Microscopic contact angle is independent of
the surface geometry. It only depends on the physical properties of
the liquid phase of the binder drop, the solid phase of the substrate
and the surrounding air phase. However, the contact angle is typ-
ically not measured locally on a microscopic but on a macroscopic
scale, which in our case is consisting of many powder particles. So,
the measurement is made referencing a macroscopic surface tan-
gent consisting of mountains and valleys, and gaps between parti-
cles are filled with air. This observation reveals the crucial
importance of powder bed roughness and binder drop size in
3DP, determining whether micro- or macroscopic effects will dom-
inate the wetting behaviour [64,65]. Taking into account the ballis-
tic impact of binder drops with powder bed particles makes this
task even more complex.

According to the present study the Washburn method is cur-
rently the only method enabling the assessment of wettability
with reasonable empiric effort. Applying this method confirmed
the relation that exists between particle size and contact angle;
however, an optimal contact angle range could not be determined
due to several limitations. The Washburn method is inadequate for
hydrophobic particles with a contact angle of 90� and above. Fur-
thermore, tests could not be made with the binder solution be-
cause of the reaction occurring between the binder solution and
the powder. Therefore direct wetting quantification of the powder
binder solution combination used in 3DP was not feasible and sub-
stitutions for the binder solution needed to be found. Additionally,
dynamic impact of binder drops in the picoliter range with high
speed on a dry powder bed seems very difficult to analyse and
understand. Typically, binder drops with a diameter of tens of
micrometers impinge at a speed � 10 m s�1 on a loosely laid-out
powder bed, resulting in powder bed deformation and powder
ejection highly affecting the quality of the final printed parts
[66]. It is speculated that printhead technology allowing small bin-
der drops in the order of a few picoliters will open new possibilities
and challenges for high resolution in 3DP. Since the droplet powder
interaction is a key factor within 3DP, this will be a challenging
goal for future studies. Until now the only way to try to understand
this process is to observe empirically the 3DP process and deter-
mine the final integrity of the printed specimen. The use of small
binder droplet will allow the use of small powder particles and
hence open the way to lower layer thickness and better depowder-
ing characteristics. Until now the small particle approach was lim-
ited due to agglomeration tendency. This effect can, however, be
reduced with a plasma coating.

XPS and SEM results indicate the feasibility of plasma surface
modification of CaP powder particle surfaces. While the uncoated
powder surface apart from larger CaP particles exhibits a relatively
smooth surface, the plasma-coated surface shows a surface rough-
ness induced by tiny point-like plasma depositions (Fig. 10). This
point-like morphology of the deposited nanostructures is of high
importance since they act as spacer between the powder particles.
Due to the increase in the interparticle distance the attractive van
der Waals forces are reduced and the flowability of dry powder in
the micrometer range is improved [55]. Even though the plasma
treatment induces also a reduction of the surface free energy, the
main effect of flowability improvement is attributed to the created
additional surface roughness as shown in a previous study [28]. In
this way during our investigations, it was possible for the first time
to build up smooth powder layers with the powder SPlasma. How-
ever, wettability and powder bed stability of these powder layers
were poor (Fig. 11). XPS analysis revealed that the binding energy
of the Si2p signal increased from 102.6 to 103.3 eV. This shows that



Fig. 9. Three-dimensional printing (3DP) of pyramids using different powder fractions.
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the powder was previously contaminated by silicones or silicates
and that with the plasma treatment, a SiOxCy compound was
formed on the surface. For a plasma coating of flat polymeric sub-
strates produced with an O2:HMDSO ratio of 5:1, Korner et al. [51]
found the Si2p peak at a binding energy of 103.4 eV, which corre-
lated to a Si:O1.6:C0.4 compound. Since that binding energy was



Fig. 10. Powder specimen SPlasma (above) and S (below).

Fig. 11. Plasma-coated powder SPlasma bed with (upper) and without (lower)
moisture application prior to 3DP.
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0.1 eV higher, the estimated ratio of the atomic composition for
this study is roughly Si:O1.5:C0.5, which means that each silicon
atom was bound to three oxygen atoms and one carbon atom.
The carbon content in these structures might be an explanation
for the hydrophobic characteristics of the plasma-treated powder.
In our investigation, an O2:HMDSO ratio of �10 was used. Accord-
ing to Ref. [51] an increase of this ratio to 30:1 results in a nearly
pure SiO2 compound, indicating an improvement in hydrophilic
behaviour. This might be a reasonable step for future studies aim-
ing at flowability and wettability optimization of CaP powder.

A strategy to enhance wettability during 3DP and overcome
powder bed damage due to ballistic impact of binder solution in
a small powder particle bed has been proposed earlier [67]. Specif-
ically, spraying the powder bed surface with water vapour stabi-
lizes the top layer surface and allows particle rearrangement and
wetting instead of particle ejection out of the powder bed. The ef-
fect of the powder bed stabilization with the powder SPlasma is illus-
trated in Fig. 11 (upper) and might open new approaches for high
resolution powder-based 3DP.
A relatively simple way to account for the interplay of all the
powder parameters is 3DP of simple structures such as pyramids
illustrated in Fig. 9. Since the focus of this study was on powder
parameters the outcomes of the printing were compared only qual-
itatively. The pyramids of the different powder fractions showed
clear differences. While 3DP was not feasible for the smallest frac-
tions S/SPlasma (critical wetting and powder bed stability) and larg-
est fractions XXL (critical layer displacement), fractions M, L and XL
resulted in reasonable outcome. Resolution of the M powder was
very promising and comparable to the standard powder ZP 130.
However, mechanical integrity was so weak that even depowder-
ing was very challenging. Therefore 3DP was repeated with a-
TCP powder having similar morphological powder characteristics.
The 3DP outcome of this a-TCP fraction revealed optimal results
concerning mechanical integrity and geometrical accuracy. In the
literature a-TCP is described as reactive alternative to b-TCP
[26,68]. Only a few studies using a-TCP for 3DP printing have been
published [69,70] probably because of availability and cost. Due to
its higher reactivity, a-TCP might also be an interesting alternative
with respect to the mechanical properties of 3DP constructs, which
is still a matter of current and future research [71–73].

5. Conclusion and outlook

In conclusion, this investigation quantifies the 3DP relevant
powder characteristics which in turn set a basis for systematic
optimization. Promising results can be expected for mean particle
size in the range of 20–35 lm, compaction rate qTapped/qBulk in the
range of 1.3–1.4, flowability ffc in the range of 5–7 and powder bed
surface roughness Sa of 10–25 lm.

The insights discussed allow preprint selection of powders,
especially relevant for highly pure and costly powders for scaffold
engineering. A prestudy with a-TCP showed very promising results
concerning precision and geometrical accuracy (Fig. 9, a-TCP).

In powder-based 3DP, minimum feature size depends on the
powder particle size and the binder drop size. While printhead
technology is advancing towards smaller binder drops, handling
of fine powders suitable for 3DP is very challenging. A promising
way to tailor the wettability and flowability of fine powders for
3DP is plasma deposition. 3DP is a relatively young technique; with
as high the obstacles currently seem, as great the chances are and
will be.
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