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a b s t r a c t

Powder based three-dimensional printing (3DP) allows great versatility in material and geometry. These
characteristics make 3DP an interesting method for the production of tissue engineering scaffolds. How-
ever, 3DP has major limitations, such as limited resolution and accuracy, hence preventing the wide-
spread application of this metho engineering. In order to reduce these limitations deeper
understanding of the complex interactions between powder, binder and roller during 3DP is needed.
In the past a lot of effort has been invested to optimize the powder properties for 3DP for a certain layer
thickness. Using a powder optimized for an 88 lm layer thickness, this study systematically quantifies
the surface roughness and geometrical accuracy in printed specimens and assesses their variation upon
changes of different critical parameters such as the moisture application time (0, 5, 10 and 20 s), layer
thickness (44 and 88 lm) and the number of specimens printed per batch (6 and 12). A best surface
roughness value of 25 lm was measured with a moisture application time (using a custom made mois-
ture application device mounted on a linear stage carrying the print head) of 5 s and a layer thickness of
44 lm. Geometrical accuracy was generally higher for the 88 lm thick layer, due to a less critical powder
bed stability. Moisture application enabled 3DP of a 44 lm thick layer and improved the accuracy even
for a powder initially optimized for 88 lm. Moreover, recycling of the humidified powder was not only
possible but, in terms of reactivity, even beneficial. In conclusion, moisture-based 3DP is a promising
approach for high resolution 3DP of scaffolds.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Three-dimensional printing (3DP) is a versatile solid, free-form
fabrication (SFF) technique with high potential for scaffold engi-
neering. The flexibility that 3DP offers is outstanding not only in
terms of geometrical flexibility (free-form) but also in terms of
the broad materials choice [1]. Provided the desired material exists
in powder form of appropriate size, almost any material can be
synthesized by 3DP. This flexibility opens up totally new
approaches within regenerative medicine, such as 3-D printed pa-
tient-specific models based on calcium phosphate (CaP) powders
for maxillofacial bone regeneration [2–4]. While CaP is well estab-
lished as a synthetic bone substitute biomaterial [5–8], scaffolds
built up by 3DP of CaP powders provide a unique geometrical
flexibility that cannot be achieved by traditional manufacturing
processes. Furthermore, the inherent rough powder surface in
3DP is reported to enhance cell adhesion [9–12].
ia Inc. Published by Elsevier Ltd. A
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However, as high as the potential of 3DP is, the challenges are
and will be large. The geometrical flexibility is restricted by the
limited resolution (the typical layer thickness is close to 100 lm).
While for certain industrial 3DP applications this resolution might
be sufficient, it is critical when building up tiny and complex
geometries for scaffold engineering. The definition of an adequate
pore size is still a matter of debate [13]. However, it is generally re-
ported to be in the range 50–1000 lm [14–16]. While high resolu-
tion free-form fabrication methods (e.g. stereolithography) allow
the production of pores in the lower size range, only macropores
larger than 500 lm can be currently achieved using 3DP [1].

The resolution and accuracy of 3DP are determined by multiple
factors, such as print head resolution, precision of the linear stage
positioning, binder drop volume, binder–powder interaction, parti-
cle size and, last but not least, layer thickness. Unfortunately, efforts
to determine these effects are often hampered by the limitations set
by commercial printers. Nevertheless, even if a printed specimen
meets the required accuracy, depowdering (removing loose parti-
cles around and within the printed body) is critical.

In order to achieve a breakthrough in 3DP for scaffold
engineering, accuracy (the mismatch between the model and the
3DP specimen) and resolution (smallest feature size) need to be
ll rights reserved.
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substantially improved [17]. In a previous work the interplay be-
tween powder properties and final printing outcome was investi-
gated in detail [18]. It was demonstrated that particle properties
such as particle size, flowability, wettability and compaction rate
could be optimized and thus determine the best possible 3DP out-
come for a certain layer thickness. In particular, it was shown that
there was an optimum range of powder flowability related to the
powder mean particle size. When the powder was too fine flow-
ability was too low, thus resulting in smearing and poor resolution.
When the powder was too coarse flowability was too high, leading
to powder bed instability and again poor resolution.

Currently the resolution of 3DP is mainly limited by too large a
layer thickness, typically in the region of 100 lm. This provokes
the so-called stair stepping effect [19], which has a significant im-
pact on the surface texture of printed solids. While stair stepping is
predominant for curved surfaces, a similar effect is detected on
vertical surfaces due to small lateral shifts occurring between
superimposed layers. A smaller layer thickness is thus mandatory.
However, the ideal 3DP powder should have a mean diameter
greater than 20 lm because below this value interparticular forces
dominate gravitational forces [20]. Furthermore, the layer thick-
ness should be at least three particles thick, due to issues of pow-
der flow and spreadability [21]. In other words, there is a conflict
between higher accuracy on the one hand and 3-D printer and
powder requirements on the other.

In the literature a few studies have shown that powders smaller
than 20 lm can be controlled to a certain degree by plasma coating
[22] or lubricants [23]. However, these changes, in connection with
a change in particle size [24], have an impact on the wetting char-
acteristics of the powder. Other studies have shown that layer
thicknesses down to 25 lm are possible [25,26], without, however,
focussing on the link between layer thickness and printing accu-
racy. Powder bed stability during deposition of a new layer also be-
comes a very important issue at low layer thicknesses and small
particle sizes. Indeed, since shear forces in the powder bed increase
with a decrease in layer thickness, recoating of a new powder layer
is not only a complex but critical factor [27,28]. Furthermore, the
binder droplets jetted onto the powder bed are more likely to dis-
place small particles than large particles. In order to improve the
powder bed stability local application of moisture to the powder
bed was chosen. This method has already been mentioned in a
few articles by the inventors of 3DP [29,30], however, an in depth
understanding of this approach is lacking.

This study aims at systematically analysing the interplay be-
tween layer thickness, layer stability and the final quality of the
printed specimens. In order to approach the resolution and pore
sizes relevant for scaffold engineering layer thicknesses of 88 and
44 lm were selected and compared. Moreover, tests were carried
out without and with local moisture application to the top powder
layer, in order to enable and improve 3DP with the fine powders
necessary for 44 um layers.

Based on the insights gained it is hoped that 3DP resolution and
accuracy can be improved, which in return would lead to the syn-
thesis of more accurate CaP scaffolds.
2. Materials and methods

2.1. Powders

A home-made a-tricalcium phosphate (a-TCP) (a-Ca3(PO4)2)
powder was used. a-TCP is a more reactive phase than b-TCP and
leads to better 3DP results [18]. Furthermore a-TCP has excellent
in vivo behavior [31]. In our approach a-TCP particles undergo a
cement reaction described in detail in Butscher et al. [1]. Briefly,
the a-TCP particles are dissolved by the phosphoric acid print head
jet and brushite crystals precipitate in the resulting solution. Hard-
ening (or particle ‘‘binding’’) occurs via entanglement of these
brushite crystals. Accordingly, and for convenience, the phosphoric
acid solution is termed ‘‘binder’’ in this manuscript. Further densi-
fication of the reacted powder can be achieved using either heat
treatment or improved by a post-hardening regime after printing,
also improving the in vivo biological stability [32].

The powder was produced according to a previously published
procedure [26] differing only in the use of a lower Ca/P molar ratio
(1.45) and slightly higher sintering temperature (1400 �C). Briefly,
a 0.45:1 M ratio blend of calcium carbonate (CC) powder (CaCO3,
Merck, Germany, catalogue No. 102076) and dicalcium phosphate
(DCP) powder (CaHPO4, GFS Chemical, USA, catalogue No. 1548)
was mixed in a Turbula mixer (Bachofen, Switzerland) for 1 h. After
calcining at 900 �C for 1 h in an LHT 02/16 furnace (Nabertherm,
Germany) the powder was cooled to room temperature. The cal-
cined powder was then sieved (AS 200, Retsch, Switzerland)
through a 0.125 mm sieve, sintered at 1400 �C for 4 h, and then re-
moved from the furnace to quench the powder in air. Finally, the
sintered powder was broken in a jaw crusher (BB51, Retsch, Ger-
many), milled and separated to obtain the desired particle fraction
(according to Butscher et al. [18]).
2.2. 3D printer

A commercial 3-D printer (Zprinter 310plus, Z Corp., Burlington,
USA) was used. The printer was adapted to meet the requirements
of this study. Firstly, the feed and build reservoirs were reduced to
areas of 60 � 90 and 50 � 80 mm, respectively, to enable 3DP with
smaller powder amounts and thus reduce the time per print and
the powder material cost. A layer thickness of 88 lm and a bin-
der/volume ratio of 0.28 for the shell and 0.14 for the core of the
3DP using pure 10% phosphoric acid as the binder fluid (or reaction
fluid) were taken to be standard parameters. Unfortunately, print-
ing a layer thickness less than 88 lm was not possible with the
commercial version of the printer used in this study. Therefore, a
relatively simple mechanical approach was used to halve the layer
thickness. To this end the linear actuators used to control the ver-
tical position of the feed and build volume were disassembled and
the original lead screws with an outer diameter of 9.525 mm and a
thread lead of 2.54 mm were replaced by an equivalent lead screw
and matching threaded sleeve with half the thread lead. To print a
layer thickness of 44 lm the binder/volume ratio was kept the
same as mentioned above. The exact layer thickness was deter-
mined using a digital displacement gauge (S229 dial gauge, Sylvac,
Switzerland) for at least six steps and repeated three times.

Furthermore, a custom made moisture unit was mounted on the
linear stage (Fig. 1a). This moisture unit allowed application of
moisture via a magnetic inlet valve just before the print head jet
applied the binder to the powder bed. Pure water moisture was
produced inside a nebulizer (USV 3002, Schulte, Germany) nor-
mally used for inhalation therapy. The moisture was applied from
the top of the moisture chamber and was sucked away via chan-
nels inside the walls of the moisture unit by a ventilation system
(Fig. 1b). A custom made control system allowed automated posi-
tioning and timing of the moisture unit within the 3DP process.

In order to quantify the effect of different moisture regimes and
layer thicknesses simple solids of spheres, cubes, cylinders (Fig. 2a)
and pyramids (described later) were generated with the CAD soft-
ware NX 7.5 (PLM Software, Siemens, Germany) and imported into
the 3-D printing software in the .stl (stereolithography) file format.
Since the printer was unaware of the hardware changes the models
had to be scaled according to the change in linear travel of the
actuator. While the sphere represented a critical case concerning
powder bed stability, the cube and cylinder, which are less critical,



Fig. 1a. Custom made moisture unit mounted on the linear stage.

Fig. 1b. Ventilation system removes moisture via channels inside the walls of the
moisture unit.
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were also included. The printed specimens were then analysed
macroscopically.

Pyramids with an overall length/width of 20 mm and four 2 mm
steps (Fig. 2b) were printed to quantify surface roughness micro-
scopically by the procedure described below. The same two de-
fined areas on the x side of the pyramid were always
investigated. The x side was always placed parallel to the powder
roller axis in order to account for shear powder bed stability.
Roughness was not measured on the y side of the pyramid because
the powder roller moved along the y direction and, as a result, the y
side should be less critical than the x side.

Experimentally, three factors were varied and looked at: the
moisture regime (0, 5, 10 and 20 s humidification time), the layer
thickness (88 and 44 lm), and the number of printed parts (6-part
and 12-part models) (Fig. 3). However, the 20 s humidification
time had to be excluded from the statistical analysis, as explained
in detail later.
2.3. Powder characterization

The powder used in this study was characterized using different
methods: (i) laser diffraction to determine the particle size distri-
bution (PSD); (ii) scanning electron microscopy (SEM) to analyse
the morphology of the powders; (iii) X-ray diffraction (XRD) to
determine the crystalline composition; (iv) isothermal calorimetry
to assess the powder reactivity (particularly after humidification);
(v) quantification of flowability using a ring shear tester and a cus-
tom method based on funnels of various dimensions.

The PSD of the dry powder was measured by laser diffraction
(Helos & Rodos, Sympatec, Germany). Powder dispersion into the
air stream prior to laser diffraction measurement was achieved
with a vibratory chute.

For SEM (EVO MA 25, Zeiss, Germany) the samples were placed
on a sticky carbon tape (SCD 050 Sputter Coater, Baltec, Switzer-
land) and then sputtered with two thin layers of platinum
(�10 nm, sputter time 60 s at 40 mA).

XRD were recorded using a diffractometer (cubiX, Panalytical,
The Netherlands) with CuKa1 radiation made monochromatic with
graphite in the range 4–60� 2h. The quantitative phase composition
was determined by Rietveld refinement using the software Full-
Prof.2 k v. 5.0 (http://www.ill.eu/sites/fullprof/) [33]. Structural
models were taken from Dickens et al. [34] for b-TCP, Sudarsanan
et al. [35] for hydroxyapatite, Boudin et al. [36] for b-calcium pyro-
phosphate and Mathew et al. [37] for a-TCP. No other phases were
identified in the diffraction patterns.

For calorimetry measurements an eight station isothermal cal-
orimeter (TAM AirCement, Thermometric AB, Sweden) was used.
For this purpose in every station 2 g of a-TCP powder and 1 ml
of 0.2 M sodium phosphate (Na2HPO4, Fluka, Switzerland) solution
were placed in sealed 20 ml admix ampoules of a mixing cell and a
connected syringe, respectively. When a constant (zero) heat signal
was reached (1–2 h after insertion of the mixing cells into the cal-
orimeter) the solution was injected onto the powder and mixed for
15 s with an in situ stirring bar. Measurement continued until a
constant thermal signal was reached. Four samples were tested
for each moisture regime (0, 5, 10, and 20 s moisture application,
see below). Since it was not possible to fully reproduce the reac-
tions taking place during 3DP due to corrosion of the metallic parts
of the mixing cell when using phosphoric acid, two approaches
were used to measure the potential change in reactivity due to
a-TCP humidification: (i) mixing a-TCP with sodium phosphate
solution; (ii) mixing a-TCP and monocalcium calcium phosphate
monohydrate (MCPM) powder with water. The second approach
replaced the sodium phosphate solution with water and the a-
TCP with a mixture of 0.2 g MCPM and 0.3 g a-TCP to account for
the acidic reaction during 3DP. Furthermore, potential surface
changes provoked by the interaction between humid air and a-
TCP powder were assessed by SEM.

Achieving reproducible flowability measurements of powders is
not a trivial matter [38–40]. Here the two approaches described in
Butscher et al. [24] were used. In the first method a ring shear cell
(RST-XS, Schulze Schüttgutmesstechnik, Germany) [41] was filled
with 30 ml of powder, the pre-shear stress was set to 1500 Pa,
and shear stresses of 300, 750, 1200 and 300 N were applied. The
measurement was repeated three times for each sample. Flowabil-
ity was expressed as the so-called flow factor (ffc) [38] defined as
the ratio of the consolidation stress r1 and the compression
strength rc:
ffc ¼
r1

rc

Schulze [41] proposed the following classification as a measure
of the qualitative flowability ranges: ffc > 10, free flowing;
4 < ffc < 10, easy flowing; 2 < ffc < 4, cohesive; 1 < ffc < 2, very cohe-
sive; ffc < 1, non-flowing.

The second approach to measure flowability was based on the
use of funnels [42]. As described in a previous publication [24],
custom made glass funnels (diameter 46 mm, angle 35�) with dif-
ferent orifices (diameters of 8, 12, 18, 24, 30 and 36 mm) were
filled in a reproducible manner and lifted up by hand. If the powder
flew out, the procedure was repeated with the next smallest

http://www.ill.eu/sites/fullprof/


Fig. 3. Visualization of two batch densities used for printing: 6 part (left) and 12 part (right).

Fig. 2a. Simple solids used as input for accuracy qunatification: sphere, cube and disc.

Fig. 2b. Pyramids with four 2 mm steps used to quantify surface roughness in two defined areas (marked with a green rectangle).
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diameter. The outcome was a simple but reliable pass/non-pass
powder ranking for different cylinder orifices.

The specific surface area (SSA) was determined by nitrogen
adsorption (Gemini 2360, Micromeritics, USA), applying the Bru-
nauer–Emmet–Teller (BET) equations. The powder was dried at
130 �C for 3 h in order to remove residual moisture prior to SSA
characterization.

Bulk and tapped densities were determined according to stan-
dardized test methods [43,44]. For the bulk density a given powder
volume was weighed without tapping, while the tapped density
powder specimen was first tapped 150 times and then weighed.
2.4. 3DP sample characterization

The surface roughness of two different predefined areas on the x
side of the pyramids (Fig. 2b) was analysed. In order to achieve
reproducible results, all specimens were cleaned with compressed
air (2.5 bars with a 0.45 mm sterile filter with inlet diameter
4.0 mm, outlet diameter 2.8 mm, Acrodisc CR PTFE, Pall Gelman,
USA) for about 5 s and a distance of 10 cm prior to analysis. Special
care was taken in specimen handling, with touching of the x side of
the pyramid being avoided. Later each surface was imaged from
two different angles (0� and 7�) using SEM in VP mode (60 Pa N2



Fig. 4. Image analysis for determination of the geometrical accuracy of the printed solids: sphere (above) measuring inner and outer diameter; cube and cylinder (middle and
below) measuring height, length and angle.
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partial pressure, VPSE detector). Imaging software (MeX V5.1, Alic-
ona Imaging, Austria) was then applied for 3-D surface reconstruc-
tion. For that purpose a reference plane was adjusted on the
primary profile. Finally, the arithmetic average surface roughness
(Sa) was calculated, serving as a simple value for roughness
quantification.

As a complement to the microscopic roughness analysis, the
macroscopic geometry of the 3DP specimen was documented
using imaging software (Image Access 11 Premium, release 11.3,
Imagic, Switzerland). This was used to account for macroscopic ef-
fects due to moisture application and layer thickness neglected by
the local roughness measurements. For this purpose the deviations
of printed specimens from the original model were compared and
if possible quantified. More precisely, the minimal and maximal
diameters of the printed spheres were determined. This deviation
from the real diameter served as a measure for the aspheric vol-
ume and thus the shear powder bed stability. For the cubes and
the cylinders a similar approach was taken. To account for shear
movement errors due to the recoating of a new powder layer all
solids were analysed perpendicular to this shear movement
(Fig. 4). Parameters measured for the cylinders and cubes included
cylinder height and angle. The height was defined as the maximal
distance between the baseline (bottom horizontal reference line)
and the highest point, while the angle was measured between
the bottom baseline and the top boundary line of the cube or the
cylinder (Fig. 4).

2.5. Statistics

Statistical analysis was carried out using a multifactorial (ANO-
VA) analysis. We have set the significance level at P < 0.01. This
analysis was performed using software written by J. Lemaître
(http://ltp.epfl.ch/page-35623-en.html).
3. Results

An overview and higher magnification of the particle morphol-
ogy of the a-TCP reference powder (no humidification) and the
same powder after humidification for 20 s are presented in Fig. 5.
At low resolution the particles exhibited an irregular shape with
predominant sharp edges. Since the smallest were eliminated from
the powder, only a low degree of agglomeration could be observed.
No morphologically relevant differences could be seen between the
different moisture regimes. At high resolution, however, fine crys-
talline structures were seen in the humidified samples, particularly
after 20 s (Fig. 5). This effect was not seen for the a-TCP reference
powder (no humidification).

The powder PSD was monomodal and in good agreement with
the SEM images. The mean particle size was 21.20 ± 0.09 lm.
XRD analysis revealed a high level of a-TCP phase (>95%). Further
relevant powder characterizations, such as the SSA and bulk/
tapped densities, are presented in Table 1.

Calorimetry measurements are presented in Fig. 6. When a-TCP
reacted with sodium phosphate solution a bimodal or even trimo-
dal curve was measured (Fig 6a). Interestingly, the intermediate
peak (between 0.1 and 1 h) was shifted to shorter times at longer
humidification times (Fig. 6b). However, the total amount of heat
released during the reaction did not decrease significantly. When
a-TCP was reacted with MCPM and water the reaction was much
faster (Fig. 7a). The reaction was complete within 1 h, whereas
mixtures of a-TCP and sodium phosphate solution took several

http://www.ltp.epfl.ch/page-35623-en.html


Fig. 5. Particle morphology of the a-TCP powder particles without treatment (above) and after 20 s humidification (middle and below). The white bar indicates a distance of
100 lm (left) and 20 lm (right) for the top and middle, while for the close up below the bar indicates 2 lm (left and right).

Table 1
Powder characterisation: percentiles of particle size distribution (d10/d50/d90), flowability results, specific surface area (SSA), bulk and tapped densities, and compaction (ratio of
bulk and tapped densities).

d10/d50/d90 (lm) ffc Funnel (mm) SSA (m2/g) qBulk (kg/m3) qTapped (kg/m3) qTapped/qBulk

a-TCP 9/21/37 5.3 ± 0.1 24 0.28 ± 0.04 974 ± 11 1399 ± 4 1.44
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days to react. A significant increase in the exothermic peak height
was observed with prolonged humidification times (Fig. 7b).

The layer thickness with the original lead screw was
87.2 ± 2.0 lm, while the reduced layer thickness was 43.7 ± 2.7 lm.

Prior to presenting the statistical analysis of the various results
gathered in this study it must be underlined that the results of
samples for printed with powders humidified for 20 s were ex-
cluded from the statistical analysis. Indeed, some of the 3DP spec-
imens could not be individually extracted from the powder bed
because most of the powder bed was glued together as a single
mass. This observation was made for all series combining the
20 s moisture regime and 12 printed samples. This glueing effect
was never found in the absence of humidification or at the low
moisture application time of 5 s. For 10 s humidification it oc-
curred only once (12 printed samples and 88 lm layer thickness).

Apart from two exceptions (the inner circle and cube length),
the layer thickness played a significant role for all aspects investi-
gated here. In particular, the surface roughness increased signifi-
cantly with an increase in layer thickness (P < 0.01, mean
roughness of all results 45 lm, effect of layer thickness 8.5 lm,
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Table 2). Similarly, the statistical analysis revealed a significant ef-
fect (P < 0.01) of a change in layer thickness on the size of the
sphere outer circle (mean 10.93 mm, effect –0.18 mm), cylinder
length (mean 10.92 mm, effect –0.16 mm), cylinder height (mean
5.60 mm, effect –0.18 mm) and cylinder angle (mean 0.79�, effect
–0.56�, Table 2). More complex and numerous effects were seen
for the cube height and cube angle, as presented in Fig. 8. For the
cube height a significant interaction (P < 0.01) between layer thick-
ness, number of printed specimens and humidification time was
detected. Specifically, it was observed that the printing accuracy
was poor with the combination small layer thickness–low humid-
ification time–low number of printed samples. All other conditions
led to dimensions slightly larger than 10 mm, the nominal value.

Similar observations were made for the cube angle results.
Large cube angles resulted from powder bed displacements due
to recoating by the counter-rotating roller. In general the absolute
angle value decreased with an increase in humidification time at a
layer thickness of 44 lm. Almost perfect accuracies (angle values
close to zero) were obtained for scaffolds printed at a layer thick-
ness of 88 lm.

In the present study only a few results were simultaneously af-
fected by the factors layer thickness and humidification. However,
humidification did not induce any significant improvement, be-
cause the significance level was set very low (P < 0.01). The inter-
action between layer thickness and humidification time was,
however, significant at a level of P = 0.021. Specifically, the surface
roughness of samples printed with 44 lm layers was reduced from
43 to 29 lm with an increase in humidification time, whereas the
opposite was measured for 88 lm layers, with an increase from 46
to 60 lm (Supplementary Fig. S1).

In this study the printing accuracy of the machine corresponded
to the nominal value of 300 � 450 dpi (85 � 65 lm). However, in
fact, the height difference between peaks and valleys measured
with the surface roughness analysis system was often larger than
200 lm, even for a layer thickness of 88 lm (Fig. 9). Determination
of the dynamic print head positioning errors during 3DP was not
feasible since the nozzle used could change for every layer. How-
ever using ZCorp low level commands the print head can be con-
trolled to approach a given pair of coordinates. Quantification of
the (static) positioning accuracy was found to be fairly high
(around 4 lm) using an external laser sensor (Micro Laser Sensor
LM10, NAiS, Matsushita, Japan).

4. Discussion

In this study the relation between different 3DP parameters and
the final printing outcome was assessed. For that purpose the same
powder and 3DP settings were used in order to elaborate the ef-
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Table 2
Significant (P < 0.01) effects of factors and interactions of factors (e.g. AC designates
interaction between factors A and C).

Measure Significance (P
value)

Mean Target
value

Effect

Sphere outer
circle

A (0.0041) 10.93 mm 10 mm �0.18

Cylinder length A (0.0029) 10.92 mm 10 mm �0.16
Cylinder height A (0.0016) 5.60 mm 5 mm �0.18
Cylinder angle A (0.0009) 0.79� 0� �0.56

Cube height A (0.0001) 10.00 mm 10 mm 0.54
B (<0.0001) �0.69
AB (<0.0001) 0.60
C (0.0005) 0.54
AC (0.0016) �0.47
BC (0.0001) 0.65
ABC (0.0003) �0.58

Cube angle (�) A (0.0003) 3.74� 0� �3.37
B (0.0070) 2.18
AB (0.0072) �2.17
C (0.0057) 2.76
AC (0.0040) 2.92

Surface
roughness

A (0.0021) 44.9 lm 8.5

The three investigated factors were: factor A, layer thickness, 44 and 88 lm; factor
B, part number, 6 and 12 parts; factor C, humidification time, 0, 5 and 10 s. The
mean corresponds to the mean value of all results for the given response (e.g. mean
length of all cylinders 10.92 mm). The effect is the effect of the factor considered in
the table.
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fects of three selected parameters: (i) layer thickness, 44 vs.
88 lm; (ii) number of printed pieces, 6 vs. 12; (iii) humidification
time, 0, 5, 10 and 20 s.

According to a previous study [18] promising 3DP results for a
layer thickness of 88 lm can be expected for mean particle sizes
in the range 20–35 lm, compaction rate qTapped/qBulk in the range
1.3–1.4, flowability (ffc value) in the range 5–7 and powder bed
surface roughness (Sa) of 10–25 lm. The characteristics of the
powder used in this study (mean particle size �21 lm, compaction
rate 1.44, flowability 5) were very close, with only the compaction
rate being slightly higher than the target range.

Instead of focussing on the powder bed surface, as done in a
previous study [18], the surface roughness and geometrical accu-
racy of the final printed samples were investigated here. These
parameters are less difficult to measure than the powder bed sur-
face roughness and are more relevant to assess the final 3DP out-
come. Nevertheless, a single surface roughness of the powder
bed with the powder used in this study resulted in a value of
10.99 ± 1.15 lm. This value is at the lower limit of the values ob-
tained in Butscher et al. [18] (10–25 lm), and thus promising
3DP results can be expected.

In this study the focus was on the relationship between layer
thickness and printing accuracy using the same powder. Since it is
known that the powder properties must be optimized for a given
layer thickness, the choice of powder used here had to be critically
considered. The selected powder was chosen for two reasons.
Firstly, good printing results have been obtained with this powder
using a layer thickness of 88 lm [18]. Secondly, it was not clear
what parameters the powder should have to be optimal for a layer
thickness of 44 lm. There are conflicting requirements between
good flowability (particles > 20 lm), on the one hand, and the need
for a limited particle size due to a given layer thickness, on the other.

Printing thinner layers implies the use of higher shear forces
during recoating. To stabilize the powder bed an approach men-
tioned by the inventors of 3DP was used [30]. The use of pure
water moisture is believed to stabilize the top powder bed layer
through the formation of liquid bridges between particles. It is
known that capillary effects can lead to rearrangement of fine pow-
ders [45]. Thus the amount of moisture must be carefully tailored.
Since our results showed that a 20 s humidification time was too
long, the selected humidification times (0, 5, 10 and 20 s) were in
the relevant range.

Moisture application or humidification has the advantage of
leaving no residues. However a-TCP is known to react with water
[46,47]. For this reason the build volume was always placed in a
furnace at 200 �C for 1 h immediately after printing the final layers
to minimize the water interaction. Reduced reactivity was ex-
pected after reaction of a-TCP with water droplets. Calorimetry re-
sults revealed even higher and faster reactivity of a-TCP after
humidification (and drying at 200 �C for 1 h) compared with the
untreated powder (Figs. 6 and 7). The higher initial reactivity might
be related to the formation of fine crystalline structures on the sur-
face (apatite nuclei), while leaving most of the powder particles
unreacted (Fig. 5). Therefore, 3DP with recycled powder is not only
possible but beneficial, since high reactivity promotes early
mechanical stability of the printed parts.

Statistical analysis of the effects of the three factors investigated
on the geometrical accuracy of printed samples (cubes, cylinders
and spheres) is summarized in Table 2. Based on published data
[48] it was assumed that geometrical changes in the printed sam-
ples are not due to setting reaction-related dimensional changes
but rather are a result of 3DP factors, as discussed below. In gen-
eral, an increase in the layer thickness from 44 to 88 lm led to a
decrease in the investigated response. Since the mean values of
the tested responses were high (e.g. the projected outer circle of
the sphere had a mean size of 10.93 mm whereas the nominal va-



Fig. 9. Surface roughness profile of a 3DP specimen with a layer thickness of 88 lm.
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lue was 10.00 mm), increasing the layer thickness had a positive
effect on the printing accuracy. These results can be explained by
the fact that it was often more difficult to obtain good printing re-
sults with thinner layer thicknesses due to stronger shear forces.

More complex results were obtained for the cube height and
cube angle. In both cases multiple interactions were observed be-
tween the three factors investigated. Despite multiple interactions,
the outcome was fairly clear, with the values for cube height and
cube angle being far from the nominal values (10 mm and 0�) for
a 44 lm layer thickness, six printed parts, and an absence of
humidification. This result implies two important conclusions:
First, printing twelve pieces instead of six stabilized the printing
bed and enhanced printing accuracy. Second, the use of a short
humidification time was an effective approach to print pieces with
a thinner layer thickness.

Regarding the positive effect of an increase in the number of
printed pieces on the printing accuracy, it is interesting to note that
the last cube layers were especially critical. Since the cubes were
the highest printed specimen (no neighbouring printed layers), this
result again underlines the link between printing accuracy/powder
bed stability and the number of printed specimens. Printing six
specimens with a layer thickness of 44 lm and no humidification
always resulted in damaged printed parts due to displacement in
the direction of roller movement. Some of these damaged parts re-
sulted in extreme geometrical values. This is of course not accept-
able and might result in major damages when printing more
porous scaffolds. While for 5 s moisture application this effect
was lower, but still present, for higher (10 s) moisture times no dis-
placement could be detected, with resultant stabilization of the
powder bed. To sum up, it can be stated that the combination of
a greater layer thickness and a high printing density (twelve
printed parts) yielded the best geometrical accuracy, while humid-
ification had no significant effect. For thin layer thicknesses humid-
ification enhanced the geometrical accuracy, especially when no
neighbouring support by other specimens was available, which
might be of special relevance for the complex architectural fea-
tures of scaffolds.
Looking at the surface roughness results (Table 2), it appears that
significantly lower roughness values were obtained with a 44 lm
layer thickness. Theoretically the thinner the powder layer the high-
er the resolution. The difference in surface roughness provoked by a
change in layer thickness was small (8.5 lm) compared with the
change in layer thickness (44 lm). The benefit of small stair steps
was negligible or irrelevant if these small stair steps were inaccu-
rate. This inaccuracy could be related to: (i) print head positioning;
(ii) binder deposition errors; (iii) binder wicking; (iv) powder bed
instability. Print head positioning errors are inevitable due to posi-
tioning errors of the linear stage carrying the print head. Even if
print head positioning is perfect, binder drops may deviate from
their optimal target during flight and possibly also form small satel-
lite droplets. Based on the results concerning print head positioning,
it is expected that binder wicking as well as powder bed instability
during 3DP play dominant roles in printing accuracy. The impact of
binder wicking or bleeding into neighbouring powder particles due
to capillary effects is difficult to quantify [1]. The effect of powder
bed stability and the resulting accuracy errors due to shear forces
during recoating are discussed in this paper. An enhanced under-
standing of all these non-trivial error sources as well as their inter-
actions might enable substantially higher printing accuracy.

Considering the final goal of printing macroporous scaffolds,
depowdering needs to be taken into account. To enable depowder-
ing it appears beneficial to have a combination of high geometrical
accuracy and a small surface roughness, which in the present study
is possible only for the combination of thin layer thickness, high
batch density and humidification. The stabilizing effect of a high
printing density in the build volume suggests that printing auxil-
iary support structures around specimens of critical shape could
further enhance the geometric accuracy.

5. Conclusion and outlook

In conclusion, this study looked at the interplay between layer
thickness, moisture application and the final printing outcome of
3DP using a powder optimized for an 88 lm layer thickness. A
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reduction in the layer thickness to 44 lm was shown to be the
most critical factor for powder bed stability, but allowed the lowest
surface roughness. A lack of powder bed stability resulted in partly
or fully damaged specimens. Humidification was found to improve
the powder bed stability and printing accuracy, enabling 3DP with
a 44 lm layer thickness even with a powder not specifically opti-
mized for 44 lm. In the light of the time-intensive preparation of
the very narrowly distributed powder fractions necessary for
3DP, this is a promising insight for 3DP research. Furthermore,
the benefit of humidification was not detrimental concerning reac-
tivity. Surprisingly, the recycled humidified a-TCP powder was
more reactive than the non-humidified counterpart. Taking into
account the labour-intensive and costly preparation of powders
for 3DP this fact becomes even more relevant.

While accuracy and surface roughness are critical factors for the
simple solids analysed in this study, they are even more critical for
complex and porous scaffolds. Therefore, moisture-based 3DP is
believed to be a promising approach for high resolution 3DP based
scaffold engineering.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 2, 4, 6, 7 and 9,
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.10.009.
Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.actbio.2012.10.
009.
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