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Abstract

One of the most applied strategies in tissue engineering consists in the development of 3D porous scaffolds with similar composition to the
specific tissue. In fact, the microstructure of the scaffolds influences the final structure of the in growing tissue. In this study, multi-layered
PCL scaffolds were produced with modified Fab@home FDM printer in order to analyze the influence of the extrusion technology (filament or
powder extrusion head) and of the process parameters on the deposited material. In particular, dimensions and uniformity of both deposited
filament and grid of the scaffolds were analyzed to understand the influence of the process parameters so as to optimize the FDM production

technology.
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1. Introduction

Highly porous scaffolds are required to provide the three-
dimensional growth of cells in an organized way. The
morphology and microstructure of the scaffolds need to
mimic the final shape and structure of the organs and
tissues that need to be rebuilt, so they must satisfy specific
mechanical and biological requirements in structure, surface
morphology that promotes cell-cell and cell-matrix
interactions, proper porosity, pore size, pore distribution
and pore interconnectivity [1-2]. Additive layer
biomanufacturing technologies are increasingly recognized
as ideal techniques to produce 3D structures with controlled
pore size, spatial distribution and interconnectivity,
providing an adequate mechanical support for tissue
regeneration while supporting in-growing tissues [3-7].
Construction of the scaffold is usually done using
technologies like Fused Deposition Modeling (FDM) [8, 9].
The extrusion-based strategies to produce highly

interconnected pore structures and the effect of such
structures in promoting cells proliferation were explored by
several researchers [10-13]. However, during the fabrication
process, materials are subjected to phase changes under
relatively high temperature. Moreover, the shear rates
during the extrusion process are considered relatively high
[14]. The processing conditions considered for each
application may affect the required geometry as a result of
the transformations in the material during the extrusion.
This case study was focused on producing multi-layered
scaffolds with the open source Fab@Home 3D printer
[15,16] that was customized and equipped with two
exchangeable FDM extrusion heads. In particular, the two
heads process grain and wire bulk material respectively and
were used to fabricate poly-caprolactone (PCL) grids. The
sizes of the grids pores were chosen on the basis of the
typical final application of 3D scaffolds with structured
porosity [17]. The influence of grid dimensions, FDM
technology and process parameters on the scaffolds
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precision and uniformity was analyzed, so to optimize FDM
process and also to identify the influence of some of these
parameters on grid formation and extrusion of the filament.
The realized grids were observed under optical microscope
and measured in terms of diameter of the deposited strand
and dimension of the pores. The statistical analysis on the
results was carried out to consider the effects of each factor
and their interactions on the scaffold geometry to gain a
better reproducibility and repeatability of the part.
Moreover, the comparison between the two FDM processes
(grain and wire) allowed identifying the most suitable
production technology in terms of robustness. Finally, the
authors propose the use of these statistical models to
optimize the bio-manufacturing process used to produce
multi-layered scaffolds that have been demonstrated to play
an important role in promoting cells attachment, migration,
and proliferation in a 3D culture formation.

2. Scaffold design and FDM process
2.1. Definition of the geometry

The geometry of the 3D printed structures is

characterized by equidistant filaments in the X and Y
directions forming a squared grid. In particular, the side of
the grid pores (hy) is equal to the distance between the
filaments (namely air gap) and the height of the pores (Az)
is the displacement of the extrusion head in the Z axis
between two layers (namely path height).
A total of three configurations was considered. In
particular, the configurations are characterized by different
distances between the filaments h, and path height Az. The
configurations A, B and C (Fig. 1) are characterized by
squared pores having three different sides (hy) equal to
0.6 mm, 0.8 mm and 1.0 mm respectively. Three path
heights were chosen for each configuration equal to
0.3 mm, 0.4 mm and 0.5 mm. The whole grid of each
configuration has a 10x10 mm? area.

A 0.6 mm

Figure 1 Imposed pattern configurations: A, B and C.

2.2. FDM tests

The grid samples were realized by the FDM printer
Fab@home [18]. The printer is controlled by a software
where it is possible to set the displacement of the extrusion
head in the X,Y and Z axes. In particular, the displacement
of the head in the X and Y-axes determines the distance
between the filaments borders (hy) while the displacement
in the Z axis is defining the width of the deposited filament
(Az). Two extrusion heads were used in this work: a wire
and a grain extrusion head (Fig. 2 and 3). Both the heads

are designed and developed at CTI Lab and are
characterized by a nozzle of 0.4 mm.

The printing parameters set to obtain the selected
configurations are reported in Table 1 and Table 2.

Three repetitions were fabricated for each process
parameters set.

Table 1 Designed printing configuration.

Side of the Path height
pores hy Az
(mm) (mm)

0.6 0.3
0.6 0.4
0.6 0.5
0.8 0.3
0.8 0.4
0.8 0.5

1 0.3

1 0.4

1 0.5

Figure 2 Fab@home printer with the grain extrusion head using a
microscrew.

s -
Figure 3 The used extrusion heads: a) grain and b) wire.

Table 2 Designed printing process.

Parameter Description Set value
DR Deposition Rate 0.01
PS (mm/s) Path Speed 5
# layers Number of layers 4
T(CC) Extrusion temperature 90 (wire)
80 (grain)
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3. Scaffold characterization
3.1. Sample measuring

The FDM samples were observed using the Mitutoyo
Quick Scope QS-200z optical microscope system.
The optical microscope was used to analyze the details of
the structures. Fig. 4 and Fig. 5 show the samples obtained
with the wire extrusion and the powder extrusion heads
respectively. Then, the microscope images were processed
with ImageJ software [19] to measure the grid dimensions.
Approximately 60 measures were taken on the whole grid
area in terms of filament diameters and pore dimensions.
Then, their average values, d and h, and standard
deviations, o(d) and o(h), within the sample were
calculated.

‘WIRE EXTRUSION HEAD

PH 0.3 mm

PH 0.4 mm

RN

Configuration A Configuration B
Figure 4 Optical microscope images 0.5x of the PCL grids produced with

the wire extrusion head.

GRAIN EXTRUSION HEAD

PH 0.4 mm PH 0.3 mm

PH 0.5 mm

Configuration A

Configuration B Configuration C

Figure 5 Optical microscope images 0.5x of the PCL grids produced with
the grain extrusion head.

3.2. Statistical analysis

The measured data were statistically analyzed using
ANOVA in order to identify the process parameters that
significantly affect the dimensions and the precision of the
FDM scaffolds (p-value < 0.5). In particular, hierarchic
general linear models were adopted for the analysis and,
when the ANOVA hypotheses were not respected, Box-Cox
transformations were used to analyze the responses. The
analysis was based on three factors: the technology
(corresponding to the type of the extrusion head that was
used), the nominal displacement of the extrusion head in the
Z axis (Az) and the nominal side of the pores (hy).
Moreover, the influence of the machine axes (X and Y) on
the pore dimension was considered.

Table 3 and Fig. 6 to Fig. 10 report the summary of the
analysis. In particular, the main effects plot in Fig. 6 shows
that the diameter (d) is strongly influenced by the nominal
side of the pores (hyg) and in particular the diameter
decreases as the distance between the filaments is increased.
This effect is probably caused by the deposition of the
filament in the gaps (pores) between two subsequent
filaments where the diameter is stretched and becomes
thinner. The interaction plot reported in Fig. 7 shows that
the diameter d is more robust when the grain extrusion head
is used, due to the low dependence of the diameter on the
value of hy. Moreover, the optimal process parameters set
that leads to the closest results by using the two extrusion
heads is set at intermediate values of h, (0.8 mm) and higher
values of Az (0.5 mm). The main effect plot on the standard
deviation of the diameter o(d) (Fig. 8) confirms the
robustness of the grain extrusion head with respect to the
deposited diameter.

Therefore, from the analysis of the dispersion of the data of
the diameter it can be concluded that the process results
more uniform for the grain extrusion head. These results
confirm that the grain extrusion system is more stable for
this type of application.

Table 3. Summary of the factors that affect the FDM process (+) and
included in the model for hierarchy (°).

Factors
hy Az
Outcome Box-Cox | Technology [mm] [mm] Axis
(4) (B) ©) (D)
d d! ° + ° n.a.
o(d) o(d) *° + na.
h h %’ + + °
o(h) o(h) *° + °
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Main Effects Plot for d [mm]
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Figure 6 Main effects plot for the extruded diameter of the filament. White
background refers to influencing factors.
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Figure 7 Interaction plot for the diameter of the filament extruded. White
background refers to influencing factors.

Main Effects Plot for o(d) [mm]
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Figure 8 Main effects plot for the standard deviation of the diameter of the
filament extruded. White background refers to influencing factors.
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Figure 9 Main effects plot for the side of the pores (h). White background
refers to influencing factors.
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Figure 10 Main effects plot for the standard deviation values of the side of
the pores (h).

The results of the analysis on the side of the pores are
shown in Fig. 9 and Fig. 10. In this case, the axis factor was
considered to analyze the effect of the displacement of the
extrusion head along X and Y-axes. As shown in Fig. 9, the
side of the pores h is mainly influenced by its controlling
factor (hy), which indicates a good stability of the process.
The interaction plot is not reported due to the absence of
relevant technological interactions between the factors. The
main effect plot on the standard deviation of the side of the
pores o(h) is reported in Fig. 10. In this case, the process
results more uniform for the wire extrusion head.

In general, the statistical analysis shows that the extrusion
head influences the uniformity of the deposited grid. In
particular, the diameter is enhanced by the use of the grain
extrusion head while the uniformity of the side of the pores
is enhanced by the use of the wire extrusion head.
Nevertheless, by analyzing the values of the standard
deviations in both cases, it can be noticed that the
imprecision of the printer is more evident on the obtained
side of the pores than in the diameter of the extruded
filament. Therefore, the grain extrusion head is preferable
for this type of applications and assures the process stability
during the extrusion of this polymer.

4. Cell culture preliminary tests

To verify the effectiveness of the produced scaffolds,
Human Foreskin Fibroblasts (HFF) cells were seeded at a
cellular density of 40,000 cells/cm”. The concentrated cell
suspension was deposited onto a scaffold of configuration
A (grain head) and incubated for 45 min before filling the
culture dish with the culture medium. The cells were
cultured using Dulbecco’s modified Eagle’s medium
supplemented with 15% fetal bovine serum, 100 IU/ml
penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine.
All cell culture reagents were purchased from Thermo
Fisher Scientific. Cells were maintained at 37 °C in a
saturated humidity atmosphere containing 95% air and 5%
CO2. Before cell seeding, all the scaffolds were sterilized
under UV light. Cell adhesion was microscopically
evaluated 24 hours after seeding. The samples were tested
using optic microscope for cell static culture highlighting
the full recognition of the PCL grid in terms of cellular
spreading and the proliferation grade of the cells. Fig. 11
shows the HFF on the PCL filaments as a result of a
complete adhesion of the cells on the structure. The
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colonization of the structure is validated by the presence
and the integrity of a complete monolayer of cells.

Figure 11 Optical microscope image 5X of the HFF cells seeded on the
PCL filaments scaffolds of configuration A.

5. Discussion and conclusions

The paper analyzes the effects of the process and
dimensional parameters on the production of PCL
multilayer scaffolds via fused deposition modeling with an
open source 3D printer. A wire and a grain extrusion heads
were used making a comparison between the two extrusion
processes. The analysis is focused on the dimensional
differences  between  three  imposed  geometric
configurations and the final product characteristics. In
particular, optical microscope images were processed to
measure the scaffolds dimensions and data were analyzed
using ANOVA. In particular, the statistical analysis
performed on the diameter of the extruded filament and the
resulting side of the pores, highlighted that the process
tends to be more stable by using the grain extrusion head.
As a matter of fact, the diameter of the extrusion head is
influenced by the nominal side of the pores and results
more uniform and more robust with respect to other process
parameters when the grains are extruded. On the other hand,
the statistical analysis performed on the obtained side of the
pores showed that the process is stable and more uniform
when the wire extrusion head is used. Nevertheless, the
imprecision of the printer is more evident on the obtained
side of the pores than in the diameter of the extruded
filament. From the results of the ANOVA analysis it can be
concluded that the technology, in terms of the used
extrusion head, is not strongly affecting the resulting
geometry of the samples. Therefore, different extrusion
processes can be used for various type of materials
according to production and application necessities.
However, the grain extrusion head is preferable for the
investigated application and assures the process stability
during the extrusion of the poly-caprolactone. The
biological characterization of these structures shows that,
despite the hydrophobicity of the polymer, human
fibroblasts seeded on the grids are able to complete colonize
the scaffolds. The promising results lay the foundations for
the production of hybrid 3D scaffolds by the integration of

the FDM and the electrospinning techniques. The future
work will be focused on the thermally controlled adhesion
of PCL FDM layers and PCL electrospun layers. The
resulting hybrid structures will be subjected to dynamic cell
co-culture tests in a bioreactor chamber to evaluate the
effects of the different scaffolds configurations in terms of
cell colonization during osteo-chondral tissue engineering
applications.
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