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In last two decades fused deposition modelling (FDM) has emerged as a standout amongst the most
broadly utilized process for fabrication of 3D functional parts in bone tissue engineering. However this
technique is still facing substantial problems to produce porous structure having sufficient mechanical
strength. In this present research an exertion has been made to develop a bio-compatible FDM filament
which has been further used to fabricate 3D porous structure. The results of the study highlighted the

Keywords: ) effect of FDM process parameters (infill percentage, infill speed and layer thickness) on the tensile
Fused deposition modelling . . . .

Hap properties (percentage elongation at peak, percentage elongation at break and yield stress) of the 3D
PVC functional prototypes. It has been observed that infill percentage has major contribution i.e. 92% towards

PP peak elongation, 91% towards break elongation and 80% towards yield stress. The remaining two pa-
rameters have very less contribution towards mechanical properties of the 3D structures. For microscopic
analysis the microphotographs of scanning electron microscope (SEM) have been taken to ensure the
structure produced is porous enough and can be used in a variety of engineering and biomedical

Tensile testing

applications.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The additive manufacturing (AM) processes has an imperative
role in the realm of bone tissue engineering (BTE). The traditional
implant fabrication processes has become obsolete with the
advancement in various AM techniques. All AM processes work on
the same principal of successive addition of layers to fabricate a
final product [1]. The AM acts as a backbone in the bio-
manufacturing sector. Recently AM has been successively used to
produce the complex 3D tailor made bio-structures [2]. BTE used to
replace or restore the physiological functions that have been lost in
the damaged or diseased organs [3]. Tissue engineering (TE) in-
volves the combinations of cells and biomaterials for assembly of
tissue structures [4]. In BTE the “top-down” approach (see Fig. 1) is
used. In this approach, on the scaffolds with biodegradable and
biocompatible properties cells are seeded [5—7]. The population of
cells is directly proportional to the spacing in the scaffold, but the
fabrication of complex functional porous scaffolds using
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conventional methods still confronts challenges [8—10].

The AM processes has been used to produce the open porous
scaffolds of biomaterials for providing the mechanical support to
the cells and significant space for the regeneration of tissue [12].
The AM processes produces the sacrificial patterns for casting of
patient specific best fit functional implants [13]. According to type
of raw material used for building processes the current AM can be
broadly categorized into four classes powder form, gas phase, sheet
form and liquid phase [14,15]. These techniques are also classified
on the basis of source of power used i.e. laser and heat. The laser
based AM processes demands more considerations towards their
care and maintenance and setups are also exorbitant in contrast to
non-laser based methods [16]. FDM stands second after stereo-
lithography as most commonly used AM technologies [17]. The
fabrication of scaffolds starts from MRI or CT scanned data of
implant and converted into 3D geometry by using software such as
3D-Doctor, MIMICS etc. and saved into STL (stereo-lithography or
standard triangulation language) format, i.e. appropriately used by
any AM techniques [18]. The STL file is sliced into two dimensional
layers by using software support [19]. The commercial FDM
printers accompanied a temperature controlled hot chamber [20].
The thermoplastic is extruded through the extrusion head on the
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Fig. 1. Schematic of “top-down” approach for tissue engineering [11].

fixtureless platform [21]. To prevent solidified material from the
thermal stresses the temperature of the chamber is maintained
constant above the glass transition temperature i.e. 72 °C in case of
ABS [22—25].

In this research an exertion has been made to develop a new
ceramic based FDM filament for clinical dentistry. The biocompat-
ible polymers has been used as base matrixes and reinforced with
the bioactive ceramics. The 3D-porous structures have been fabri-
cated by running this in house developed filament on existing FDM
setup and further investigations have been made for mechanical
properties. The obtained results have been supported by images
obtained from the SEM.

2. Materials and methods

The experimentation work starts from the collection of
biocompatible polymers PP and PVC in the granular form. The
bioactive ceramic hydroxyapatite (Hap) has been reinforced in the
parent polymer matrixes. A fixed proportion of Hap and the poly-
mer matrix as 4%HAp+96%polymer matrix (PVC70% + PP30%) have
been used for preparing a filament. Twin screw extruder was used
for blending and extrusion of FDM filament. Fig. 2 shows in house
extruded filament.

To fabricate the 3D structures for mechanical testing and SEM
analysis a commercial FDM setup (3D printer, Make-Divide By Zero,
India) has been used shown in Fig. 3.

Three different controllable parameters (i.e. layer thickness,
infill percentage and infill speed) of FDM has been selected (see
Table 1) based upon pilot study.

Whereas other remaining FDM process parameters such as
orientation, raster angle, temperature etc. was put as constant
throughout in the present research work. Extrusion temperature was
set according to melting point of the parent matrix. The standard 3D
structures fabricated on FDM (as per ASTM D-638 IV) have been
mechanically tested on universal tensile tester (UTT). The complete
control log as per Taguchi L9 orthogonal array is shown in Table 2.

A total 3 sets of repetitions/experiments have been performed
for 9 settings of different controllable factors (as per Taguchi L9 OA).
After performing the tensile testing, the part with best mechanical
properties was used for microscopic analysis by taking the micro-
photographs through SEM.

Fig. 2. In-house extruded FDM filament.

Fig. 3. FDM setup used for 3D printing.

Table 1
FDM input process parameters.
Levels Parameters
Infill percentage Layer thickness Infill speed
% mm mm/s
Level 1 0.20 0.25 33
Level 2 0.60 030 35
Level 3 1.0 035 37
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Table 2
Control log and input parameters.
Exp. no. Parameter(A) Parameter(B) Parameter(C)
Infill percentage Layer thickness Deposition speed
(mm) (mm/min)
1 20 0.25 33
2 20 0.30 35
3 20 035 37
4 60 0.25 35
5 60 0.30 37
6 60 0.35 33
7 100 0.25 37
8 100 0.30 33
9 100 0.35 35
Table 3

Observed values of mechanical testing.

Exp.no. (A) (B) (C) Peakelongation Break elongation Yield stress
% % MPa
1 20 025 33 141 1.55 0.24
2 20 030 35 133 1.37 0.04
3 20 035 37 1.28 1.35 0.03
4 60 025 35 225 2.56 1.66
5 60 030 37 204 2.26 0.91
6 60 035 33 1.90 2.13 0.71
7 100 025 37 3.04 3.25 347
8 100 030 33 259 2.73 1.14
9 100 035 35 230 2.46 0.75

3. Results and discussion
3.1. Mechanical properties

After successful completion of pilot experimentation at pre-
selected levels of process variables, 3D structures were fabricated
on FDM for mechanical testing. The resulted values of percentage
elongation at peak, percentage elongation at break and yield stress
at the subjected input parameters are shown in Table 3.

The ANOVA has been used for “Larger the Better” type case. The
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universal tensile tester (Make: Shanta Engineering) has been used
for mechanical testing of specimens using load cell 10 KN.

3.2. Elongation at peak

The literature reviews reveals that the infill percentage majorly
affects the mechanical strength of the specimens [26,27]. If it in-
creases from 20% to 100% then tensile strength of the prototype is
raised by 250% [28]. The signal to noise ratio (S/N) graph for peak
elongation values at larger the better type is shown in Fig. 4.

As observed from Fig. 4, as the infill percentage is increased from
minimum (20%) to maximum (100%) density level the percentage
elongation at peak of the parts increased. Maximum elongation is
achieved in parts having density 100%. In case of layer thickness,
published research papers suggested that the tensile strength of the
parts has been decreased when layer thickness changes from 0.25
to 0.35 mm [29]. The S/N ratio shows that with the increase of layer
thickness from 0.25 to 0.35, the peak elongation has been
decreased it is decreased due to lesser number of layers with the
increase of thickness and lesser contact between the layers which
may lead to reduce the mechanical strength.

The infill speed does not possess much effect on the peak
elongation as it varies around the mean value.

Analysis of variance of S/N ratio for elongation at peak shows
that only one input parameter (see Table 4) has been found sig-
nificant at 95% confidence level.

The S/N ratio at larger the better for elongation at peak is shown
in Table 5. It has been found that the main effect on peak elongation
is of infill density and very less effect of layer thickness and depo-
sition speed.

To calculate the optimized value following equation has been

used.
Nopt = M+-(Ma3—m) +(mp1—m) +(mc3—m) (1)
where ‘m’ is overall mean of S/N values that has been obtained from
MINITAB, mas3 is the mean of S/N values for infill density at level 3
and mgiand mc3 are mean of S/N values for layer thickness and
deposition speed at level 1 and level 3 respectively.

Main Effects Plot for SN ratios

Data Means

Mean of SNiratics

Signal-to-noise: Larger is better

Fig. 4.
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)
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S/N response to peak elongation data.



240 R. Sharma et al. / Composites Part B 132 (2018) 237—243

Table 4
Analysis of Variance for SN ratio for peak elongation.

Table 6
Analysis of Variance for SN ratios (larger the better) for break elongation.

Factor DoF SS F P Percentage contribution Factor DoF SS F P Percentage contribution
A 2 52.66 167.07 0.006 92.29% A 2 5534 321.26 0.003 91.03%
B 2 3.76 11.94 0.077  6.59% B 2 5.06 29.34 0.033  8.32%
C 2 0.32 1.02 0.494  0.56% C 2 0.22 1.23 0449 0.37%
Residual Error 2 0.32 — — 0.56% Residual Error 2 0.17 0.28%
Total 8 57.06 — — 100% Total 8 60.79 100%

Table 5 Table 7

Response table for S/N ratio (larger the better) for peak elongation. Response Table for ranking of input parameters (larger the better) for brake

elongation.
Levels A B C
1 2535 6.562 5.608 Levels A B ¢
2 6.270 5.645 5.585 1 3.049 7.448 6.366
3 8.386 4.985 5.998 2 7.316 6.180 6.284
Delta 5.851 1.577 0.413 3 8.927 5.664 6.642
Rank 1 2 3 Delta 5.877 1.784 0.358
Rank 1 2 3

yopt2 = (1/10)"°PY10 for properties, lesser the better
yopt2 = (10)nopt/10 for properties, largest the better
So.m = 5.73.

Now from the Table 5.

m,3 = 8.38, mp; = 6.56 and mc3 = 5.99.

Nopt = 3.73+(8.38—5.73)+(6.56—5.73)+(5.99—-5.73).
Now 1gpt = 9.47 dB

Yopt = (10)1°P10

Yopt2 = (-10)9.47/10

Yopt = 2.97

The calculated value for % of elongation at peak was 2.97 which
isnearest to the value observed for experiment no. 7 (see Table 3).

3.3. Elongation at break

The S/N ratio plot for elongation at break is shown in Fig. 5.
It suggests that with the increase of infill percentage from low

density to high density the % elongation value increases and in case
of layer thickness when it increases the % elongation has been
decreased. This may be due to more spacing between the respective
layers. The deposition speed does not show much effect on the
break elongation as it lies near around the mean line. Table 3 shows
that the parametric conditions at experiment number 7 was better
for elongation at peak.

Analysis of variance for S/N ratio at larger the better shows that
two input parameters have significant effect on the break elonga-
tion. It has been observed at 95% confidence level that infill per-
centage and layer thickness affects more than 91% and 8%
respectively on the elongation at break values (see Table 6).

Table 7 shows response for S/N ratio at larger is better type case,
which suggests that the infill percentage has maximum contribu-
tion and deposition speed has minimum effect on break elongation.

The optimized value was calculated according equation (1).

Here m = 6.43
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Fig. 5. S/N response to break elongation.
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Main Effects Plot for SN ratios
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Fig. 6. S/N response to yield stress.

From Table 7,

ma3 = 8.92,mp; = 7.44 and mc3 = 6.64.

Nopt = 6.43+(8.92—6.43)+(7.44—6.43)+(6.64—6.43)
Now nept = 10.14 dB

Vape = (10)1P710

Yopt2 = (10)10.14/10

Yopt = 3.21

The calculated value for break elongation was 3.21 which
isnearest to the value observed for experiment no. 7 (see Table 3).

3.4. Yield stress

The S/N ratio plot for the yield stress is shown in Fig. 6.

S-N graph suggests that yield stress of the material is directly
proportional to the infill percentage. Hence with the increase of
infill density from lower to higher level the yield stress of the
material has been raised. But in case of layer thickness yield stress is
inversely proportional to the thickness of layer. So with the increase
of layer thickness yield stress has been decreased. Infill speed does
not put much effect on the yield strength but maximum yield stress
is obtained at minimum deposition speed. The analysis of variance
for S/N ratio at larger the better is shown in Table 8.

It suggests that there are two input parameters that have sig-
nificant effect on the yield stress. It has been observed at 95%
confidence level that infill percentage affects more than 80% on the
yield stress. Whereas effect of layer thickness also more than 17% on
the yield strength.

Table 9 shows response for S/N ratio at larger is better type case,
which suggests that the infill percentage has maximum contribu-
tion and deposition speed has minimum effect on yield stress.

The optimized value was calculated according equation (1).

from Minitab m = —6.75
Now from Table 9,

ma3 = 3.15,mp; = 0.93 and mc3 = —4.74.

Nopt = -6.75+(3.15 + 6.75)+(0.93 + 6.75)+(-4.74 + 6.75)
Now nopt = 12.84 dB

Yape = (10)1P710

Yopt2 = (-10)42.18/10

Yopt = 4.38

The calculated value for yield stress was 4.38 which is very close
to the experiment performed at the optimum observed parameters
of FDM and observed value is 4.24.

3.5. Microscopic analysis

After successful runs of mechanical testing, the specimen
showing better mechanical properties has been used for micro-
scopic analysis. The microphotographs of the specimen have been
taken with the help of JEOL JSM-6510LV SEM (Japan). Avery thin
layer of gold has been coated on the samples to get good conduc-
tivity. The SEM was conducted on the fractured surfaces of the
samples prepared by tensile testing. The microphotographs suggest

Table 8 Table 9

Analysis of Variance for SN ratios (larger the better) for yield stress. Response Table for ranking of input parameters (larger the better) for yield stress.
Factor DoF SS Adj SS Mean of SS % Levels A B C
A 2 1291 1291 645.5 80.39 1 -23.60 0.93 -4.74
B 2 277 277 138.7 17.27 2 0.20 -9.21 —8.69
C 2 23 23. 11.5 1.45 3 3.15 -11.98 -6.82
Residual Error 2 14 14. 7 0.88 Delta 26.75 1291 3.94
Total 8 1605 Rank 1 2 3
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Fig. 7. Microphotographs of the specimen taken on SEM.

that the fabricated parts are having uniformly open, porous and
fibrous structure (see Fig. 7) which are sufficiently good for growth
of cells and are suitable in clinical dentistry.

4. Conclusions

The 3D porous structures have been fabricated through FDM
and observed with SEM. Following are the conclusions of this study.

e The standard 3D prototypes (as per ASTM D-638) have been
fabricated on FDM. It has been observed that when the infill
percentage has been increased from low density to medium

density level and further towards the solid, percentage of
elongation at peak of the specimen has been increased from 1.28
(specimen no. 3) to 3.04 (specimen no. 7). The elongation at
break is also increased with the change in density from low to
high. The outcomes are in accordance with the perceptions
made by different investigators [28].

The effect of layer thickness has been also investigated. The best
value of peak elongation, break elongation and yield stress have
been obtained at minimum value of layer thickness i.e.0.25 mm.
When the layer thickness was increased from 0.25 to 0.30 and
0.35 the percentage elongation in both cases has been
decreased. The value of yield stress has been also decreased by
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increasing the layer thickness. In the present work the infill
speed has not demonstrated huge impact on the mechanical
properties of the specimen.

The microphotographs obtained from the SEM shows that the
specimens fabricated by FDM are having open porous and fibrous
structure, which increases the cell cultivation rate for regeneration
of new tissues inside the body. Since the functional prototypes are
having porous and fibrous structure, they can be successfully used
in a variety of engineering applications and clinical dentistry.

We address studies on the use of recycled polymers for the
manufacturing of the investigated FDM filaments [30], the me-
chanical modelling of their properties through micromechanical
approaches and poroelasticity [31,32], and use of such materials for
the fabrication of lightweight innovative metamaterials and
structures [33—45] to future work.
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