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A B S T R A C T   

Introduction: In complex clinical conditions when physiological bone regeneration is insufficient, there is a need 
to develop synthetic material-based scaffolds. The morphologic properties of porous scaffolds are of crucial 
importance. The dimensional accuracy of 3D printed scaffolds can be affected by a variety of factors. 
Materials and methods: Three groups of 3D printed scaffolds were investigated: PLA1 (pure polylactic acid) 
printed with an FDM Ultimaker Original printer, PLA2 and composite PLA/hydroxyapatite (PLA/HAp) scaffolds 
printed with a Pharaoh XD 20. PLA/HAp filament was created with hot-melt extrusion (HME) equipment. The 
morphology of the prepared scaffolds was investigated with SEM, micro-CT and superimposition techniques, 
gravimetric and liquid displacement methods. 
Results: Layer heights of PLA1 scaffolds varied the most. PLA1 scaffold volume statistically significantly differed 
from PLA2 (p < 0.001) and PLA/HAp (p < 0.01) groups. Filament composition had no effect on the volumes of 
the scaffolds printed with the Pharaoh XD 20 printer (p > 0.05). The total porosity of printed PLA/HAp scaffolds 
deviated the least from the original STL model. 
Conclusions: This study showed that PLA/10% HAp filament fabricated with HME and printed with FFF 3D 
printer produced equal or even better accuracy of printed scaffolds than scaffolds printed with pure PLA filament. 
Further research is needed to analyze the effect of HAp on 3D scaffold morphology, accuracy, mechanical and 
biologic properties.   

1. Introduction 

Nowadays, there are complex clinical conditions in which physio-
logical bone regeneration is impaired or simply insufficient, such as for 
skeletal reconstruction of large bone defects created by trauma, infec-
tion, tumor resection, skeletal abnormalities, or cases in which the 
regenerative process is compromised, including avascular necrosis, 
atrophic non-unions and osteoporosis (Dimitriou et al., 2011). Bone is 
one of the most frequently transplanted tissue worldwide, coming right 
after blood transfusion (Campana et al., 2014). 

The limitations of existing bone grafting procedures (Oryan et al., 
2014; Henkel et al., 2013) led to a strong clinical need to develop syn-
thetic material-based scaffolds (Guda et al., 2011). One promising 

biodegradable eco-friendly polymer for bone tissue engineering is pol-
ylactic acid (PLA) (Helal et al., 2018) due to its biocompatibility, ther-
mal plasticity, suitable mechanical properties (Savioli Lopes et al., 
2012). However, PLA has several disadvantages, such as hydrophobicity 
(Kutikov and Song, 2013), brittleness (Raquez et al., 2013), low 
toughness (Santoro et al., 2016). It is known that hydroxyapatite (HAp) 
particles can reinforce the materials and decrease the rate of degrada-
tion of PLA (Persson et al., 2014; Li et al., 2008). It is therefore a rational 
strategy to develop composites in order to improve the osteo-
conductivity of PLA (Persson et al., 2014). HAp has been reported to 
have a positive effect in bone tissue engineering on biomineralization, 
cell adhesion, proliferation and the production of alkaline phosphate 
(Hoai et al., 2017). 
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Fused filament fabrication (FFF), also known as fused deposition 
modeling (FDM), is a processing technology that has been adapted for 
use in bone tissue engineering to create extremely porous scaffolds 
(Raeisdasteh Hokmabad et al., 2017). This technology is simple and low 
cost (Rengier et al., 2010) and it provides good mechanical properties 
and highly controllable porosity due to the laydown pattern (Raeisdas-
teh Hokmabad et al., 2017). It can therefore be used in a wide range of 
applications. Dimensional accuracy is however affected by a variety of 
factors, requiring user intervention to refine several printer parameters 
until appropriate prints are achieved (Hernandez, 2015). These include 
extrusion rate, nozzle temperature, bed temperature and the properties 
of the design itself (Hernandez, 2015). Moreover, it is important to study 
the impact on the printing accuracy of z-wobble, improper arc 
compensation and filament diameter inconsistency (Hernandez, 2015). 

A complete morphologic characterization of porous scaffolds for 
tissue engineering applications is fundamental, since the architectural 
parameters – in particular porosity, pore size, interconnectivity – 
strongly affect the mechanical and biological performance of the 
structures (Bertoldi et al., 2011). Various techniques can be used to 
assess the morphologic properties of scaffolds, including theoretical 
assessment, scanning electron microscopy (SEM) analysis, 
micro-computed tomography (micro-CT), flow and mercury porosim-
etry, gas pycnometry and adsorption (Bertoldi et al., 2011). The total 
porosity of scaffolds can be determined by gravimetric analysis using the 
bulk and true density of the material and by the liquid displacement 
method (Guarino et al., 2008; Loh and Choong, 2013). 

The purpose of this study was to evaluate the morphological prop-
erties of three-dimensional (3D) printed porous PLA and PLA/HAp 
scaffolds and the dependence for the dimensional accuracy on the 
composition of the filaments and type of FDM printer. 

2. Materials and methods 

2.1. Materials for composite filament preparation 

In this study, the raw materials used for the preparation of composite 
filament were PLA beads (STP Chem Solutions Co., Ltd., Thailand) 
having a particle size of 100–800 μm and a molecular weight of 42,700 
(g/mol) and HAp (Riga Technical University, Latvia (Sokolova et al., 
2014),) having a particle size of 50 μm. All materials were used as 
received. 

2.2. Composite filament preparation 

A desktop extruder (Filabot Original, Filabot HQ, Barre VT, USA) 
equipped with a 1.75 mm nozzle was used to fabricate the filament. The 
composite material was acquired by thoroughly mixing the PLA and 
HAp powders at the ratio of 9:1. Before extrusion the mixture was stored 
in a sealed bag with silica gel pellets to absorb all the moisture from the 
material, as otherwise the extrusion process was hard to control due to 
bubble formation in the filament. Then the extruder was pre-heated to 
145 �C, the composite material was poured inside the hopper, and the 
feed screw was turned on. A self-made spooler with adjustable spooling 
speed was used to wind the filament onto the reel. During the extrusion 
process, the temperature of the extruder was manually adjusted in the 
range of 140–145 �C when needed. The diameter of the composite 
filament that was prepared varied from 1.28 to 1.45 mm. 

2.3. Thermogravimetric analysis 

Alumina crucibles heated until constant weight four times at 1000 �C 
for 5 h at a heating rate of 5 �C/min. Ten samples of PLA/HAp mixture 
were placed in crucibles and heated at 800 �C for 5 h at a heating rate of 
1 �C/min. 

2.4. Fabrication of scaffolds 

There were three groups included in the study (n ¼ 22 per group): 
PLA1 and PLA2 (made from pure polylactic acid) and PLA/Hap (a 
composite made from PLA and Hap) scaffolds. PLA1 scaffolds (PLA 
filament; DR3D Filament Ltd, UK, natural, diameter 2.85 mm) were 
printed with a FDM 3D printer (Ultimaker Original, Ultimaker, USA). 
The printing head was computer-controlled in three axes of delta mode 
(x, y, z with an xyz speed of 50 mm/s). A gear system guided the fila-
ments into the printing head, which was heated at a temperature above 
the melting point of PLA (temperature near the nozzle was 210 �C). The 
melted PLA filaments were extruded through a brass nozzle with a 
diameter of 0.4 mm onto a printing plate heated at 50 �C. STL file for 
Ultimaker Original printer was sliced with Ultimaker Cura 3.6 (Ulti-
maker, USA). 

PLA2 (PLA filament; DR3D Filament Ltd, UK, natural, diameter 1.75 
mm) and PLA/Hap composite scaffolds were fabricated with a FDM 3D 
printer (Pharaoh XD 20, Mass Portal, Latvia). The printing head was 
computer-controlled in three axes of delta mode (x, y, z with an xyz 
speed of 35 mm/s). Other parameters were the same as described earlier. 
Slicer software used to prepare STL file for Pharaoh XD 20 printer was 
open source Slic3r 1.2.8 software. 

All scaffolds were designed with a height of layers of 400 μm, dis-
tance between the threads – 400 μm, scaffold height – 1600 μm and total 
porosity of 48% according to the STL production file. The geometry of 
the scaffolds was done as 3D micro-structured woodpiles with threads 
rotated at an angle of 60� in respect to the ones of the previous layer in 
order to create a hexagonal inner geometry (Mizeras et al., 2015). The 
width and height of the logs were 0.4 mm, and there were four layers of 
logs. The dimensions of the scaffolds were 3 cm � 3 cm x 1.6 mm 
(Fig. 1). 

2.5. SEM analysis 

A Hitachi TM-1000 tabletop scanning electron microscope was used 
to evaluate the printing accuracy and morphology of five independent 
samples from each group. The sides of the prepared scaffolds were cut 
out from a rectangular woodpile (Fig. 1 B and C) with laser light filament 
fabrication technology 10 mm from the sides. Scaffolds were scanned 
edgewise (5 images from each sample, 25 images in total for each group) 
and the height of layers, distance between threads, and height of scaf-
folds was measured using ImageJ 1.8.0_112 image analysis software 
(National Institute of Mental Health, USA) (Rueden et al., 2017). 

2.6. Micro-CT analysis and superimposition 

All prepared scaffolds were scanned with a micro-CT Skyscan 1178 
(Bruker microCT, Belgium). X-ray tube potential was 65 kV and tube 
current was 615 μA. The scanning mode was slow (80 μm pixels, 82 mm 
FOV). The acquired dimensions of image XY were 1024 � 1024 with 
about 400–500 slices in direction Z. Scaffolds sizes in image pixels were 
approximately 360 � 360 � 20. Due to the low scanning resolution 
(voxel size – 0.08495 � 0.08495 � 0.08495 mm) compared to the di-
mensions of the scaffold structure (approximately 5 pixels for one layer), 
micro-CT scan images were additionally processed using digital image 
processing methods to get sharper images. In addition, image segmen-
tation was performed to get surface STL models to compare with the 
original 3D printing model. For this, a Fiji image processing software 
package (Schindelin et al., 2012) based on ImageJ (Rueden et al., 2017), 
MeshLab (Cignoni et al., 2008) and Geomagic Control X software 
packages (3D Systems, Canada) were used. 

To improve the quality of the CT scan, deconvolution of the images 
was performed. The point spread function of the micro-CT system was 
determined to be Gaussian, and the size of it was chosen to be 17 � 17 �
17 with sigma equal to 3 as estimated from the sharp edges of the scans. 
For the deconvolution, the Richardson-Lucy algorithm with total 
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variation regularization (Dey et al., 2006) was chosen. The parameters 
of the algorithm were set at 7 iterations and a regularization factor of 
2∙10–3. The Deconvlab2 software plugin (Sage et al., 2017) for Fiji was 
used for deconvolution. Fig. 2 shows the deconvolution and segmenta-
tion process of micro-CT scan. 

For 3D segmentation, a method based on global thresholding was 
chosen. Due to the high variability of scaffold samples, the segmentation 
of the intensities of the CT scan image was performed using statistically 
computed thresholds for each scan. Thresholds were calculated using a 
method that preserved the statistical moments of image stacks (Tsai, 
1985). Then 3D segmentation was performed using the computed 
threshold and converted to STL format (Fig. 2). 

To estimate the deviation between the reference scaffold model and 
the segmentations of the micro-CT scans that were obtained, 3D Geo-
magic Control X (3D Systems, USA) software was used. The superim-
position of reference and tomographic models was done with transform 
alignment by using a manual N points method followed by best-fit 
alignment. 

2.7. Total porosity: gravimetric method 

The total porosity (P) of scaffolds can be determined by the gravi-
metric method using the bulk and true density of the material. This is a 
simple and fast method, where ρmaterial is the density of the material, 
which can be determined by the Archimedes method. The volume of 
scaffolds was calculated by measuring the length, width, and height of 
the samples. A rough estimation of the porosity of specimens was carried 
out by using the following equations: 

ρscaffold ¼
mass

volume  

Total porosity¼ 1 �
ρscaffold

ρmaterial  

2.8. Open porosity: liquid displacement method 

The porosity of scaffolds can also be measured by using a displace-
ment liquid that is a not a solvent of the polymers, for example ethanol, 

Fig. 1. The morphology of scaffold: A – architecture of woodpiles in STL format file; B and C – side views cut out from a rectangular woodpile A; D – the top view of 
the scaffold – as it was printed and not affected by the cutting. Images B, C and D were obtained with SEM. 

Fig. 2. The deconvolution and segmentation process of micro-CT scan.  
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which is capable of penetrating into the pores easily but does not cause 
shrinking or swelling of the material being tested. Open porosity can be 
calculated using the following equation: 

Porosity¼
v1 � v3

v2 � v3  

where V1 is the known volume of ethanol that is used to submerge the 
scaffold, V2 is the volume of the ethanol and ethanol-impregnated 
scaffold, and V3 is the remaining ethanol volume when the ethanol- 
impregnated scaffold is removed. This is also another simple tech-
nique that can be performed easily, but it is an indirect way of measuring 
porosity (Guarino et al., 2008; Loh and Choong, 2013). 

2.9. Statistical analysis 

For data analysis and presentation, RStudio 1.1.453 statistical anal-
ysis software (RStudio, USA) was used. Five independent samples were 
used for SEM experiments and 22 for micro-CT experiments. The 
Shapiro-Wilk test and Levene’s test were first performed to check the 
normality and equal variance assumptions of the data. One-way ANOVA 
parametric statistical analysis was used. Differences between groups 
were evaluated by performing the Tukey post hoc test. Data was 
considered statistically significant when p < 0.05. 

3. Results 

Two type of FFF 3D printers were used in the research - Ultimaker 
Original and Pharaoh XD 20 to print the same STL files in order to 
determine the accuracy depended to 3D printer manufacturer. Also, 
using a desktop extruder (Filabot Original) we prepared composite 
filament in order to determine if additional ceramics in filaments have 
impact to printing accuracy. Thermogravimetric analysis revealed that 
the mean amount of HAp in the composite PLA/HAp filament was 
10.43% � 0.03 (data not shown). Printed scaffolds were analyzed with 
SEM and several dimensions were evaluated: height of layers, distance 
between the threads, and scaffold height (Fig. 3. A, B, C). 

The Pharaoh XD20 3D printer displayed the most even layer heights 
both with PLA and composite filament, but scaffolds with composite 
material were more evenly laid. The heights of scaffold layers made with 
the Ultimaker Original 3D printer varied the most. The means and de-
viations of the thickness of each layer in different groups are represented 
in Fig. 3. A. The bottom layers were compressed, ranging from 250 to 
400 μm (layers 3 and 4), and top ones were more dispersed, ranging 
from 500 to 600 μm (layers 1 and 2). 

Despite the large variations in the heights of the scaffolds printed 
with the Ultimaker Original 3D printer, the distances between the 
threads were evenly spaced, about 350 μm (Fig. 3. B). The Pharaoh 
XD20 printer laid threads more accurately, however. Interestingly, 
composite filament had an effect on the distance between threads that 
deviated from the STL model more than in the group of scaffolds printed 

Fig. 3. Scaffold dimensions. A – box plot of heights of scaffold layers. B – box plot of distance between scaffold threads. C – scaffolds heights. D – volume of the 
scaffolds (mm3) micro-CT and superimposition results. The black horizontal lines mark the theoretical dimensions of the scaffolds. *, ** and *** mark the statistically 
significant differences between the groups: p < 0.05, p < 0.01 and p < 0.001 respectively. 
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with PLA filament (PLA2). 
Despite large variation in layer heights, both the Ultimaker and 

Pharaoh 3D printers produced similar heights of scaffolds while printing 
with PLA filament (Fig. 3. C). Nonetheless, the height of PLA/HAp 
scaffolds deviated the least from the STL model. Thus, SEM results 
indicate that the Pharaoh XD20 3D printer was more accurate than the 
Ultimaker Original in terms of separate layers and overall height of the 
scaffolds. 

The material volume of the original STL file was calculated to be 
753.23 mm3. Micro-CT and superimposition analysis showed that mean 
of the volume was 1057.32 � 87.46 mm3 in the PLA1 group, 956.37 �
34.21 mm3 in the PLA2 group, and 960.19 � 114.54 mm3 in the PLA/ 
HAp group (Fig. 3. D). The means of all scaffold groups differed from the 
volume of the original STL file (p < 0.05). The difference in volume was 
statistically significant between the PLA1 and PLA2 (p < 0.001) groups 
and the PLA1 and PLA/HAp groups (p < 0.01). No statistically signifi-
cant difference was found between the PLA2 and PLA/HAp scaffold 
groups (p > 0.05). 

Theoretical assessment of P (total porosity) was 48%. Gravimetric 
and liquid displacement methods showed that average P of printed PLA/ 
HAp scaffolds had the closest value to the original STL model: 48.15% �
0.01 and 50.6% � 0.06 accordingly (Fig. 4). 

Although P of PLA1 and PLA2 scaffolds deviated more from the STL 
file, there were no statistically significant differences found between 
scaffold groups (p > 0.05) or between the porosity of scaffolds and the 
porosity of the original STL file (p ¼ 0.64 and p ¼ 0.31). 

4. Discussion 

Bone is a mineralized connective tissue (Florencio-Silva et al., 2015) 
and from a material science point of view, bone matrix is a composite 
substance composed of a polymer-ceramic lamellar fibre-matrix (Henkel 
et al., 2013). It is known that the mechanical properties of bone depend 
on its composition (porosity, mineralization, etc.) and structural orga-
nization (trabecular or cortical bone architecture, collagen fiber orien-
tation, fatigue damage, etc.) (Henkel et al., 2013). It is therefore 
important to mimic these bone properties when creating scaffolds for 
bone regeneration or replacement. 

Various bone augmentation techniques are based on understanding 

how the bone heals and regenerates after injury. Direct bone healing 
occurs if there is a correct anatomical reduction of the fracture ends and 
a stable fixation (Marsell and Einhorn, 2011). If the gap between bone 
ends is less than 0.01 mm and interfragmentary strain is less than 2%, 
the fracture unites by so-called contact healing. Gap healing occurs only 
if the gap is less than 800 μm to 1 mm (Marsell and Einhorn, 2011). The 
accuracy of the 3D printing of bone scaffolds is therefore very important, 
since the scaffold needs to closely match the shape of the defect. 

HME is one of the most widely applied processing technologies in the 
plastic, rubber and food industry and in pharmaceutics (Goyanes et al., 
2016; Lang et al., 2014). This method has recently been introduced as an 
alternative technique for filament preparation in bone regeneration 
applications (Corcione et al., 2016; Niaza et al., 2017). The Filabot 
Original extruder system produced composite filament from PLA with 
approximately 10% of HAp, which spread out in the filament evenly. 
10% concentration of HAp improves osteogenic potential, with no 
measurable changes to cellular compatibility or the mechanical shear 
strength of the composite (Tayton et al., 2014). However, the diameter 
of the composite filament varied from 1.28 to 1.45 mm. This could 
potentially have affect the morphology of the scaffold after FDM 3D 
printing. 

First of all, two FDM 3D printers were chosen for this research: an 
Ultimaker Original and a Pharaoh XD 20. According to the specifica-
tions, both printers may use PLA filaments. The ultimate layer resolution 
of the Ultimaker Original printer is 20–200 μm (Ultimaker Origi-
nalþSpecifications, 2019) but it was difficult to produce even layers at 
400 μm. The ultimate layer resolution of the Pharaoh XD 20 printer is 
100 μm (High Resolution Desktop 3D Printer, 2018). This printer laid 
threads more accurately than the Ultimaker Original. Composite PLA/-
HAp scaffolds were therefore printed with the Pharaoh XD 20 printer. 
Moreover, different 3d printer slicer software were used in this study. 
Although there is no statistically significant evidence among those 2 
software, but there is evidence that different slicer software can generate 
different results from the same initial specifications (Hernandez, 2015). 

According to the literature, inconsistent filament diameter can cause 
serious complications during extrusion, but it remains debatable 
whether minor deviations in diameter can affect the 3D printing result 
(Cardona et al., 2016). In this study, scaffolds printed from PLA/HAp 
filament showed equal or even better accuracy compared to the PLA1 
and PLA2 groups. It is however difficult to say which of these parameters 
(filament composition or uneven diameter) had a larger effect on the 
final morphology of the scaffold. The addition of 10 % wt HAp could 
enhance dimensional stability before setting of the material and increase 
the mechanical properties. This effect was reported with 15 % wt of HAp 
added in PLA/HAp filament (Sui et al., 2018). SEM images showed that 
distance between threads were more uneven compared to the PLA2 
group. However, threads of PLA/HAp scaffolds were more evenly laid, 
and better quality scaffolds were produced while printing with com-
posite filament. 

It is known that SEM has several drawbacks; for example, it enables 
achieving surface morphology of the scaffolds’ but not an internal 
structure (Bertoldi et al., 2011). For this reason, it is useful to use a 
combination of different techniques to obtain more accurate imaging of 
the scaffolds. The volume of the scaffolds was accessed with micro-CT 
and superimposition. They showed that scaffolds printed with the Pha-
raoh XD 20 printer displayed more accurate 3D morphology than those 
printed with the Ultimaker Original. However, the volumes of the 
scaffold groups were not equal to the volumes of the original STL files. 
Thus, it may have important influence for medical applications, e.g. 
visual-tactile aids for preplanning surgery, anatomical-matched surgical 
guides or patient-specific implants (Shilo et al., 2018). Based on this 
study it is recommended to check the measurements and final 
morphology of the first time 3D printed product and compare the results 
with the original STL file. If differences of the measurements occur, one 
should adopt STL file in order to get more accurate final product, 
especially for medical applications (Marsell and Einhorn, 2011). 

Fig. 4. Average total porosity of the scaffolds (%) for different analysis tech-
niques compared with theoretical porosity. 
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The recommended micro-CT scanning resolution should vary from 1 
to 50 μm (Bertoldi et al., 2011). Since the Skyscan 1178 micro-CT had a 
rather low scanning resolution, the micro-CT scan images were addi-
tionally processed using digital image processing methods to get sharper 
images. Low scanning resolution could affect the precision of volume 
measurement, but it was a useful tool to compare the 3D morphology of 
different scaffolds. 

The interconnected porosity of the scaffold and pore size are essen-
tials for reproducible and predictable scaffold properties and optimal 
scaffold functions, such as mechanical support, the transportation of 
nutrients and oxygen, cell growth and proliferation, and the removal of 
waste (Loh and Choong, 2013; Pati et al., 2015; Fu et al., 2011). In order 
to analyze the porosity achieved in the scaffolds, gravimetric and liquid 
displacement methods were used. Both showed that average total 
porosity of printed PLA/HAp scaffolds had the closest value to the 
original STL model. 

5. Conclusion 

This study showed that PLA/10% HAp filament fabricated with HME 
and printed with FFF 3D printer produced equal or even better accuracy 
of printed scaffolds than scaffolds printed with pure PLA filament. Also, 
there were noticeable accuracy differences between different printer 
manufactures. The morphologic properties of the 3D printed scaffolds 
can be better evaluated by combining different techniques. PLA/HAp 
scaffolds have the potential of being used in bone tissue engineering, but 
further research is needed to analyze the effect of HAp on the 
morphology, accuracy, and mechanical and biological properties of 3D 
scaffolds. 
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