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Abstract

Selective laser sintering (SLS) enables the fabrication of complex geometries with the intricate
and controllable internal architecture required in the field of tissue engineering. In this study
hydroxyapatite and poly-e-caprolactone, considered suitable for hard tissue engineering
purposes, were used in a weight ratio of 30:70. The quality of the fabricated parts is influenced
by various process parameters. Among them Four parameters, namely laser fill power, outline
laser power, scan spacing and part orientation, were identified as important. These parameters
were investigated according to a central composite design and a model of the effects of these
parameters on the accuracy and mechanical properties of the fabricated parts was developed. The
dimensions of the fabricated parts were strongly dependent on the manufacturing direction and
scan spacing. Repeatability analysis shows that the fabricated features can be well reproduced.
However, there were deviations from the nominal dimensions, with the features being larger than
those designed. The compressive modulus and yield strength of the fabricated microstructures
with a designed relative density of 0.33 varied between 0.6 and 2.3 and 0.1 and 0.6 MPa,
respectively. The mechanical behavior was strongly dependent on the manufacturing direction.

1. Introduction

Selective laser sintering (SLS) is an additive manufacturing technology where parts are
constructed by the sequential and controlled deposition of powder in a layer by layer fashion. In
each layer the powder surface is selectively scanned according to the cross-sectional data of a
previously created three-dimensional (3D) computer-aided design model. In the scanned regions
particle coalescence is associated with a significant reduction in surface energy, which is the
main driving force of sintering [1 ]. SLS has the potential to fabricate complex geometries with
intricate and controllable internal architectures, such as that required for tissue scaffolds.
Scaffolds are porous 3D matrices with high surface to volume ratios to which cells can attach and
on which they can differentiate.



SLS enables the processing of numerous biocompatible polymers available in the form of
powders. Some groups were able to directly fabricate bioceramic bone implants using an
experimental SLS system [2,3], however, to process bioceramics a thermoplastic polymer
functioning as a binder material is usually required, as the lasers used in typical commercial SLS
systems are unable to fuse ceramic particles together. Several biocompatible polymers have been
used for SLS fabrication of scaffolds, including polyethylene, polyetheretherketone,
polycaprolactone, polylactide glycolide, polyvinyl alcohol and their composites with
hydroxyapatite and other bioceramics [4-12]. However, much of this research has only
demonstrated the feasibility of fusing powder particles together, and not the fabrication of
complex predesigned 3D structures. Studies which did produce complex predesigned 3D
structures via SLS were those by Williams et al., Zhou et al. and Partee et al. [13-15]. Williams et
al. fabricated cylindrical porous scaffolds with a 3D orthogonal periodic architecture using
polycaprolactone with a designed pore size of 1.75 mm. Zhou et al. produced 3D scaffolds with
rectangular channels using poly(L-lactide) and poly(L-lactide)/ carbonated hydroxyapatite (HA)
microspheres. Partee et al. optimized selective laser sintering of polycaprolactone scaffolds using
a 25 full factorial design. However, in many other investigations of SLS of biodegradable
biomaterials for tissue engineering applications the process was examined using a "one at a time"
approach to vary process parameters [2-10]. In fact, the mechanical proper-ties and accuracy of
specimens obtained from SLS processing are a result of the interactive influences of the different
process parameters. When a combination of several independent variables and their interactions
affect the measured responses, response surface methodology (RSM) is an effective tool for
investigating the manufacturing process [16]. In this technique a least squares model is fitted to
the experimental data which relates the output variables to the input parameters.

The central composite design (CCD) technique is often used to implement the RSM [17].
Adequacy of a proposed model from this analysis can be checked using analysis of variance
(ANOVA) and the response surface plots can be employed to study the system relationships and
locate the optimum within the range of investigated variables. In the present work a CCD was
used to develop models describing the dependence of accuracy and mechanical properties on
process parameters in the three principle building directions.

The main parameters that can be changed in a Sinterstation 25007 SLS system are part bed
temperature, layer thickness, laser power (outline and fill) and scan spacing. Of these parameters
part bed temperature and layer thickness were not examined in this study. The processing of PCL
is sensitive to temperature but temperature control of the SLS system used is not precise enough
to examine its effect within the temperature range suitable for the processing of PCL. The
applicable layer thickness is largely dependent on the particle size and as the used particle size
was in range of the sintering depth, this parameter was not altered. The effect of laser power and
scan spacing on the density and mechanical properties of the parts has been extensively examined
by others [10,12,18-22]. It is well established that density and mechanical properties increase
with delivered energy density up to a certain level, above which a slight reduction is seen. Part



density and mechanical properties are thereby directly related to laser fill power and inversely to
scan spacing. It is known that the manufactured samples are not isotropic and that part orientation
has a great influence on the mechanical properties [20]. However, the effect of these processing
parameters on the accuracy of micro-features has been less explored. Furthermore, the
established parameter dependencies have not been validated for different manufacturing
directions, nor in the context of the mechanical properties of lattice structures. The work
presented in this paper quantitatively relates the accuracy and compressive behavior of lattice
structures to the process parameters scan spacing, outline laser power and laser fill power. This
analysis was examined for the three main manufacturing directions using CCD to explore higher
order and interaction effects.

A powder mixture of polycaprolactone (PCL) with 30 wt.% HA was selected for the current
experiments. There are conflicting short-term results reported in the literature about the effect of
HA addition to PCL composites in terms of cell attachment, proliferation and differentiation.
Some authors have discussed how the presence of HA in PCL scaffolds has little or no effect on
biological response [20,23-25]. Others showed that scaffolds with 25 wt.% HA demonstrate
improved cell differentiation com-pared with PCL scaffolds [26]. Additionally, it has been shown
that up to 30 wt.% HA addition improves the mechanical properties of samples by increasing
their compressive modulus [27,28]. Therefore, PCL with 30 wt.% HA was selected for this study.

2. Materials and methods

PCL (Sigma Aldrich Chemical Co.) pellets were cryogenically ground and sieved. The powder
had an average particle size of 125 um, with a particle size distribution of 80% of all particles
between 70 and 160 um, as measured with a Malvern Mastersizer particle size analyzer. PCL is a
thermoplastic polyester with a melt-ing point of 60 °C and is favorable for SLS processing as it
does not decompose below 300 °C [29]. The HA powder used in this experiment was sold under
the brand name Captal 60-1 (Plasma Biotal Ltd.) and had an average particle size of 38 um. A
mixture of the PCL and HA powders containing 30 wt.% HA was produced by physical blending
and loaded into the feed chambers of the SLS machine.

Test specimens for mechanical testing and accuracy measurements were cubic lattice structures
with a relative density of 0.33, strut size of 0.6 mm and pore size length of 1.2 mm. All
specimens were designed using SolidWorks® and were exported into STL file format. Fig. 1
shows the designed geometry and the coordinate system used, where layer deposition is in the z-
direction.
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Fig. 1. Cubic lattice structure dimensions and the coordinate system used.

In each build three sets of scaffolds were positioned in such a way that either the scaffold x, y or
z axis coincided with the build direction in order to explore issues of anisotropy. A DTM
Sinterstation 25007 with a 25 W power, continuous wave CO, laser focused to a 410 um spot
was used to fabricate the scaffolds. Laser fill power, outline laser power and scan spacing were
varied according to the central composite design described below. Laser power is the power at
which the fill scan lines are sintered, scan spacing is the distance between two parallel scan lines
and outline laser power is the power applied to the contour line of the features (Fig. 2). All other
parameters were kept constant: the laser speeds for the outline and fill scans were 1778 and
5080mms™, respectively, part bed temperature was 38 °C and layer thickness was set to 0.15
mm. Excess powder was brushed off the exterior and the internal architecture was cleaned using

compressed air.
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Fig. 2. SLS process parameters and scan patterns in different directions.

A central composite design was applied with four design factors, namely laser fill power (X3),
outline laser power (X3), scan spacing (Xs) and manufacturing direction (X4). This design had a
core 23 full factorial design, to which the central and axial points were added. The coded levels
and the natural values of these factors set in the statistical experiment are shown in Table 1.



Table 1
Coded and natural values of the design factors (the coded values are dimensionless
and are shown in bold).

Design factors -1.68 -1 0 +1 +1.68
x1: laser fill power (W) 8.32 9 10 11 11.68
X5: outline laser power (W) 3.32 4 5 6 6.68
X3: scan spacing (mm) 0.1 0.12 0.15 0.18 0.2
X4: building direction X y z

Six replicates were run at the central point to allow for repeatability analysis and the whole
experiment was performed once in the case of mechanical testing and eight times in the case of
accuracy analysis. The upper and lower ranges of the process parameters in Table 1 were selected
according to the following criteria. When the highest energy density was delivered to the powder
bed, i.e. the highest laser fill power of 11.68 W and the smallest scan spacing of 0.1 mm were
applied, the powder was visibly strongly melted by the laser beam. In contrast, applying the
lowest laser fill power (8.32 W) and the largest scan spacing (0.2 mm) resulted in weakly
sintered, fragile structures. As the speed of the outline scan was significantly lower than that of
the fill scan, the outline power in the center point of the design space was set to half of the
corresponding laser fill power.

The computations were performed with the aid of Design-Ex-pert® software. The corresponding
quadratic models for the response functions (accuracy and mechanical properties) were computed
using ANOVA. The P value was used as a tool to check the significance of the examined
variables. A P value of less than 0.05 (i.e. 95% confidence interval) indicates that the examined
parameter is significant. Insignificant effects were determined as those having P values higher
than 0.05 and were excluded from the model. Statistics used to determine whether the
constructed models were adequate to describe the experimental data were the adequacy of the
model (P < 0.0001), the lack of fit (P > 0.1) test and the signal to noise ratio (S/N > 7).

Microscopic images were taken from the surfaces of the scaffolds using a Meiji EMZ-TR optical
microscope. Images were analyzed and feature dimensions obtained using Matlab® Image
Processing Toolbox.

The compressive mechanical properties of the fabricated specimens were tested according to the
ISO 604 standard using a 5 kN load cell at a cross-head speed of 1 mm s and with a 1 N
preload. A flat plate was used to apply a uniformly distributed load. Compressive modulus, yield
strength and yield strain values were obtained using Zwick/Roell Text Expert Il software.



3. Results

In the examined range all specimens were successfully fabricated. Fig. 3 shows an SEM (Zeiss
EVO LS15) image of the structure of struts fabricated at the center point of the design space.
Features designed to be 600 pum were reproduced larger than that. The aver-age width of struts
built in the x-direction was 891 um, for the y-direction struts was 1093 pum and for the z-
direction struts was 887 um. Fig. 4 shows typical images of the parts in the three main building
directions and the associated mean dimensions of the features in the center points of the design

space.
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Fig. 4. The surface of fabricated scaffolds in the three principle planes, with strut sizes (average + standard deviation) measured in the different directions.



The square shape of the pores were reproduced well in the XZ and YZ plane, while in the xy
plane the corners of these pores were rounded and therefore had a more circular appearance. A
quadratic model was fitted to estimate the linear interaction and quadratic effects of each process
parameter on dimensional accuracy. The quadratic model applied to fit the experimental results
in each manufacturing direction had the following form:

D =bg + biX1 + boXo + baXz + baX1Xo + baX1Xo + bsXoXa+ beX1Xz + b7x12, + b3x§ + ng?%

Where D is the dimension of the feature, x; the laser fill power, X, the outline laser power and X3
the scan spacing. Parameters significantly affecting the strut dimensions are listed in Table 2,
with the corresponding contribution percentages and P values. Regression coefficients (by) in the
different building directions are listed in Table 3.

Table 2
List of contribution percentages and P values of significant factors as identified by
ANOVA after backward elimination.

Strut Plane Factor Contribution (%) P value
X Xy X1 5.3 0.0423
X2 11.8 0.0104
X3 67.8 <0.0001
XoX3 7.5 0.0385
X32 7.7 0.0245
Xz X3 74 <0.0001
x32 26 <0.0001
y Xy X1 14.2 0.0021
X2 6.7 0.0332
X3 62.5 <0.0001
XoX3 12.2 0.0044
x32 4.3 0.0887
yz X2 6.1 0.370"
X3 3.5 0.495"
XoX3 35.9 0.0311
x32 54.4 0.0082
Z Xz X1 2.4 0.655"
X3 54.3 0.0010
X1X3 11.5 0.0472
X352 31.8 0.0101
yz Xo 46.3 0.0118
X3 53.7 0.0068

Terms marked " are listed to satisfy the hierarchy of the model.

The mechanical behavior of scaffolds fabricated by SLS is not isotropic. When tested under
uniaxial compression, scaffolds with load-bearing struts fabricated in the x-direction behaved
elastically (Fig. 5), while those fabricated in the y-direction and z-direction behaved more
plastically and exhibited a distinct yield point.



Table 3
Regression coefficients of quadratic model terms in the different building and measuring directions.

Strut Plane bo b, b, by by bs be b, bg be

X Xy 62.16 1.488 13.83 -364.8 ~77.35 1913.3
xz 140.8 ~609.8 1733.2

y xy 5478 2414 16.31 ~1043 ~97.68 14135
yz 5544 7.28 717.0 -51.77 ~1568.7

z xz 79.17 6.794 ~186.7 —48.72 1977.5
yz 82.17 ~1.16 -41.73

The elastic modulus was lowest (0.606-1.910 MPa) when compressed struts were fabricated in
the x-direction and was the highest (1.95-2.33 MPa) when fabricated in the z-direction. The
highest values of yield strength (0.16-0.6 MPa) were observed when compressed struts were built
in the y-direction.
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Fig. 5. Compressive behavior of the scaffolds (six replicates in the center points of
the design space) in three different building directions.

In terms of compressive modulus, no process parameters have been detected to be significant in
the examined parameter range. The direction of loading, however, was identified as significant
by ANOVA. Determinative factors of yield strength changed with loading direction. The
quadratic models fitted to the experimental data are as follows:

oy=2.152 + 0.047x, - 25.168x3 + 73.984x3
0,=-0.038 + 0.012x; + 0.125X, - 1.312x3 - 0.738X,xX3 + 10.3194x3

Specimens that exhibited a yield point showed a strong quadratic dependence on scan spacing
(x3). Furthermore in the y-direction outline laser power (x2) and in the z-direction the interaction
between outline laser power and scan spacing were also significant. The full analysis of variance
is presented in Tables 4 and 5.



Table 4
ANOVA table for yield strength of the specimens loaded in the y building direction,
after backward elimination of the full quadratic model.

Source Sum of Degrees of Mean F value P value
squares freedom square
Model 0.204 3 0.068 47.92 <0.0001
X2 0.031 1 0.031 21.54 0.0003
X3 0.109 1 0.109 76.46 <0.0001
X352 0.065 1 0.065 45.76 <0.0001
Residual 0.023 16 0.001
Lack of fit 0.016 11 0.001 1.05 0.5148
Pure error 0.007 5 0.001

R? = 0.9534, adjusted R? = 0.9368, predicted R*> = 0.9076, signal to noise ratio = 25.4.

Table 5
ANOVA table for yield strength of the specimens loaded in the z building direction
after backward elimination of the full quadratic model.

Source Sum of Degrees of Mean F value P value
squares freedom square
Model 0.055 5 0.011 57.32 <0.0001
X1 0.002 1 0.002 10.12 0.0067
X2 0.003 1 0.003 15.46 0.0015
X3 0.045 1 0.044 233.83 <0.0001
X3 X X3 0.004 1 0.004 20.55 0.0005
X3° 0.001 1 0.001 6.64 0.0219
Residual 0.003 14 0.0001
Lack of fit 0.001 9 9.42e-05 0.26 0.9620
Pure error 0.0012 5 0.0004

R?=0.8999, adjusted R?> =0.8811, predicted R? = 0.8462, signal to noise ratio = 24.8.

4. Discussion

The accuracy of selective laser sintered parts is predominantly determined by powder particle
size, focused laser beam diameter and heat transfer in the powder bed [30]. In the present
manufacturing process the 125 um average particle size and 410 um laser beam spot size are
close to the target feature dimension of 600 um, explaining the low accuracy of the reproduced
features. As shown in Fig. 4, the feature shapes were relatively well pre-served in the XZ and YZ
planes where accuracy was only affected by the larger particle size of the powder and limited by
the set layer thickness. On the other hand, the accuracy of features in the xy plane was affected
by the outline scan, where the spot size of the laser had a large influence. The designed square
shape (1.2 x 1.2 mm) of the pores was circumscribed by the 410 pum laser spot size, resulting in
rounding of the corners of the fabricated pores.



Directional dependence was identified as the predominant factor. Great differences in terms of
influential parameters in the three main building directions are the results of varying scan pat-
terns, as shown in Fig. 2. Among the processing parameters, scan spacing had a dominant effect
in all building directions. Strut thickness was seen to increase quadratically as scan spacing de-
creased. Similar findings - an increase in part dimensions with in-creased delivered energy
density - were reported by Hao et al. and Caulfield et al. [11,20]. As delivered energy density is
determined by scan spacing and laser fill power, it was anticipated that the interaction effect of
these two parameters would be significant. This interaction was only significant on strut
dimensions fabricated in the z-direction, indicating that the scan spacing range examined had a
larger effect than that of the laser power range selected for this work. The applied statistical
analysis showed that the fabricated part dimensions are reproducible, therefore, the accuracy of
the produced samples should be improved by applying a scaling formula to the designed
geometry. Commercial SLS systems enable directional scaling of the parts and also allow for
shrinkage and z-growth compensation. However, the laser beam diameter (410 um) typically
used with commercial SLS systems still remains a limiting factor in terms of reproducing micro-
features.

The elastic modulus of the scaffolds was mostly dependent on the building direction, resulting
from the different scanning pat-terns (see Fig. 2). The parts were weakest in the x-direction,
where scan lines were parallel to the loading direction. The highest elastic modulus values were
recorded for struts fabricated in the y-direction, where scan lines were perpendicular to loading.
No other processing parameters were identified as significant, as a lack of repeatability was
experienced in all directions. In order to investigate those parameters affecting the compressive
modulus, repeated testing of each point within the design space would initially be required. The
investigation of a wider parameter range is also expected, to help the identification and
description of the effects of process parameters.

In the x-direction the initial linear elastic regime was followed by a plateau of roughly constant
(slightly increasing) stress that was associated with elastic buckling of the load-bearing struts. At
large compressive strains strut buckling became the main mechanism and although the
deformation was elastic (recoverable), it caused a significant decrease in the load carrying
capacity of the structure. Scaffolds fabricated in the other two directions (y and z) showed plastic
behavior, exhibiting a distinctive yield point in their stress-strain response after the linear elastic
slope. This can be associated with budding of struts and the formation of plastic hinges within the
structure. Hinge formation is facilitated by delamination or the shifting of formed layers normal
to the loading. It is most prominent in the y-direction, where, after the initial buckling, layers
shift on each other and hinges are formed on the load-bearing struts. In the y-direction, although
the layers are parallel, the scan lines are perpendicular to the load and hinge formation occurs
along these lines. In the case of the x struts both the scan lines and the layers are parallel to the
loading, so only buckling is observed. Fig. 6 illustrates these identified failure mechanisms in the
three manufacturing directions.
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Fig. 6. Scanning patterns of load bearing struts built in various directions and possible failure mechanisms.

Under compression the compressive yield strength of struts fabricated in the y-direction showed
an inverse quadratic dependence on scan spacing and directly proportional linear dependence on
outline laser power. In the case of z struts the same parameters were significant, with an
additional interaction effect between out-line laser power and scan spacing.

For the first time a direct quadratic relationship between scan spacing and strength has been
established. This strong influence of scan spacing on mechanical behavior is in agreement with
the observations of other groups [19,22,31,32]. The current results also support the findings of
Dewidar et al. that parts fabricated at the same energy density level using smaller scan spacing
values are denser and, therefore, have superior mechanical properties, suggesting a higher order
relationship between scan spacing and mechanical properties [19]. In this CCD scan spacing was
varied between 0.1 and 0.2 mm, therefore the degree of scan line overlap changed between
approximately 3/4 and 1/2 for the 410 um spot size. With increased overlapping not only will the
delivered energy density increase, but consecutive remelting of the sintered area also changes its
reflection and thermal conductivity, resulting in a denser and stronger structure. The inter-action
effect noted between scan spacing and outline laser power can also be explained by this
phenomenon. If the outline is scanned on the remelted denser area this results in the prevailing
mechanical properties. The significance of laser fill power to part density and therefore
mechanical properties is well established in the literature [12,18-22,32]. However, it was not seen
to be important for accuracy and mechanical properties in the examined range. This lack of
significance is possibly due to the selected range of laser fill power or to the fact that the
fabricated features in the current experiment were on the micron scale, close to the working
diameter of the laser, and therefore outline laser power was more dominant than laser fill power.
In this case, for example, it is the outline power that mainly creates a 0.6 mm strut in the xy
plane. Compressive properties in the current study (E = 1-2 MPa, o,= 0.2-0.6 MPa) are one order
of magnitude below the values reported by Williams et al. for the same designed macro-porosity
using pure polycaprolactone (E = 16-20 MPa, oy = 2-3 MPa) [13]. This significant difference
may be due to the differences in the porosity of the designed solid regions. Furthermore, the
study presented in this paper intended to fabricate scaffolds with smaller feature sizes, which
limited the use of higher energy density levels.



5. Conclusions

Scaffold geometries with a pore size length and strut thickness of —0.9 mm were fabricated with
low accuracy. Dimensions in the xz and yz planes were better reproduced than in the xy plane. Of
the examined process parameters, manufacturing direction had a predominant effect on both
accuracy and mechanical properties. Models have been developed to describe the dependence of
yield strength and fabricated dimensions on scan spacing, laser fill power and outline laser power
in the three main manufacturing directions. For both response functions a quadratic dependence
on scan spacing was identified. The fabricated dimension was directly proportional and yield
strength inversely related to scan spacing.
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Appendix A. Figures with essential colour discrimination

In this article, Figure 4 is difficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi:10.1016/j.actbio.2009.07.018.
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