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Abstract
This study investigates the mechanical response of antibacterial PA12/TiO2 nanocomposite 3D printed specimens by vary-
ing the TiO2 loading in the filament, raster deposition angle, and nozzle temperature. The prediction of the antibacterial and 
mechanical performance of such nanocomposites is a challenging field, especially nowadays with the covid-19 pandemic 
dilemma. The experimental work in this study utilizes a fully factorial design approach to analyze the effect of three param-
eters on the mechanical response of 3D printed components. Therefore, all combinations of these three parameters were 
tested, resulting in twenty-seven independent experiments, in which each combination was repeated three times (a total of 
eighty-one experiments). The antibacterial performance of the fabricated PA12/TiO2 nanocomposite materials was confirmed, 
and regression and arithmetic artificial neural network (ANN) models were developed and validated for mechanical response 
prediction. The analysis of the results showed that an increase in the TiO2% loading decreased the mechanical responses but 
increased the antibacterial performance of the nanocomposites. In addition, higher nozzle temperatures and zero deposition 
angles optimize the mechanical performance of all TiO2% nanocomposites. Independent experiments evaluated the proposed 
models with mean absolute percentage errors (MAPE) similar to the ANN models. These findings and the interaction charts 
show a strong interaction between the studied parameters. Therefore, the authors propose the improvement of predictions 
by utilizing artificial neural network models and genetic algorithms as future work and the spreading of the experimental 
area with extra variable parameters and levels.
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1  Introduction

Additive manufacturing (AM) has gained interest during the 
last decade [1–4], with this interest further increased during 
the SARS-Cov-2 pandemic situation [5–9]. AM, to which 
3D printing technologies belong, consists of a wide range of 
techniques with sufficient similarities and differences. The 
most popular techniques, either commercially or academi-
cally, are fused filament fabrication (FFF) [10–12], stereo-
lithography (SLA) [13–15], selective laser sintering (SLS) 
[16–18], MultiJet Fusion (MJF) [19–21], selective laser 
melting (SLM) [22–24], and wire arc additive manufactur-
ing (WAAM) [25–27], among others. Their differences are 
related to their operating principle and raw materials’ form, 
but according to the ISO/ASTM 52,900–15 [28] standard, 
all these techniques are described through the “process of 
joining material to make parts from 3D model data, usually 
layer upon layer, as opposed to subtractive manufacturing 
and formative manufacturing methodologies”.

Among AM techniques, owing to its low operational 
and material costs [3, 29], FFF is the most widely utilized, 
accounting for 96% of global 3D printer sales in 2016 [30]. 
FFF is a material extrusion method, for thermoplastic poly-
mers and composite materials in a melted state [31]. The 
FFF with the sudden pandemic situation developed in the 
spring of 2020 has exhibited mass-scale production potential 
[5, 32–34]. In a social solidarity framework and by the uti-
lization of a huge 3D printing community network globally 
[35, 36], a very high number of face shields have been manu-
factured by individuals or professionals worldwide. Despite 
the disadvantages of FFF build parts, that is, anisotropic 
behavior [37] and increased porosity [38, 39], face shields 
have become popular even in hospital environments. This 
situation indicated the unreadiness of the manufacturing sec-
tor regarding AM techniques since specifications for the use 
of FFF as a manufacturing technique for medical purposes 
were not clearly formed.

The anisotropy of FFF 3D printed components and high 
porosity are attributed to low-level interfacial fusion between 
the extruded layers [40–42]. Generally, FFF 3D printing 
parameters could be plausible reasons for variations in the 
mechanical [43], thermal [44], and antibacterial [45] per-
formance of 3D printed components. The effects of FFF 3D 
printing parameters have been thoroughly studied, aiming 
to optimize the process [46]. To this end, tools, such as neu-
ral networks [47] and machine learning [48, 49], have been 
employed. Popescu et al. [50] categorized 3D printing param-
eters into slicing, manufacturing orientation, and tempera-
ture settings. Indicative settings are the infill density, extru-
sion orientation (also known as raster deposition angle), and 
nozzle temperature, which have a significant impact on the 
mechanical and other performances of 3D printed parts. In 

medical implementations, the parts’ accuracy, consistency, and 
repeatability should be seriously considered by manufacturers 
[51–53]. 3D printing parameters along with the selected mate-
rial could develop a high potential for 3D printing implementa-
tions in medical applications or, on the contrary, create serious 
concerns if not carefully selected for each studied case.

Polyamide 12 (PA12) is a semi-crystalline material of the 
polyamide family and is widely known for its high toughness 
and good chemical resistance [54, 55]. PA12 is utilized in 
SLS, MJF, and other powder bed/fed AM techniques [56], 
while it is less common, but has high prospects for imple-
mentation with the FFF technique [40, 44]. Its mechanical 
properties in FFF 3D printing have been investigated experi-
mentally and with statistical modeling tools and artificial 
neural networks. Overall, it has superior mechanical perfor-
mance, compared to other 3D printed polymers; still, the 3D 
printing parameters affect its strength [57]. For example, the 
PA12 grade used in this work (Rilsamid AESNO TL) has a 
nominal tensile strength of 50 MPa, while Stratasys fused 
deposition modeling (FDM) thermoplastic polyurethane 
has a tensile strength of 15.6 MPa, and Ineos Styrolution 
Terluran GP-22 acrylonitrile butadiene styrene (ABS) has 
45 MPa, according to the materials’ datasheet. 3D printing 
affects the mechanical response of the materials differently, 
with the 3D printed PA12 of the current study achieving 
about 37 MPa, while ABS maximum tensile strength was 
measured 31 MPa in the corresponding test [4].

PA12 is a polymer that is usually employed in medical 
applications, among others [58, 59]. Evolution in the research 
on the FFF technique throughout the past years has created the 
necessary conditions for the development and use of compos-
ites as raw materials with this technique [1]. Such composites 
have been developed to enhance the mechanical [60], thermal 
[61], and other properties of the built parts, with nanotechnol-
ogy having a great impact on this direction. For the prepa-
ration of nanocomposite filaments for FFF 3D printing, the 
addition of nanoparticles in polymer matrices has shown that, 
under specific circumstances, enhances or enables properties 
without compromising processing conditions [62–64]. Such 
nanocomposites are used in specific applications, in which 
enhanced mechanical, thermal, or antibacterial performance is 
required. Titanium dioxide (TiO2) is a mineral material widely 
used in industrial applications, mainly as a coloring filler 
[65–68]. In addition to its coloring properties, titanium diox-
ide has been thoroughly studied for its mechanical [45, 69], 
UV shielding [70], antibacterial [71], and other properties.

In this work, a high-strength biomedical grade polymer 
(PA12) was used as a matrix material for the development 
of nanocomposites that will expand the fields of use of the 
material. This polymer is neutral in the development of bac-
teria on its surface. It is also bio-tolerable, so it is suitable 
for applications requiring skin contact with the patient. Such 
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applications include the manufacturing of shells for devices 
for example. In medical environments, such as surgeries, 
apart from these properties, more enhanced performance 
is required from the materials. A biocidal performance is 
desirable, and for this reason, it was chosen to introduce 
an additive to this specific matrix material, with known 
antibacterial performance, to induce its properties to the 
prepared nanocomposites. This study investigates the influ-
ence of three variable parameters, that is, the TiO2 filler 
percentage (TiO2%) on PA12 pure material, the raster depo-
sition angle (RDA), and the nozzle temperature (NT), on the 
mechanical properties of FFF 3D printed parts exhibiting 
antibacterial performance. Nanocomposite materials were 
prepared in filament form and 3D printed using the FFF 
process with various parameters. Their mechanical and 
antibacterial performances were investigated experimen-
tally. Mechanical test results were exploited for the devel-
opment of mathematical models, regression, and artificial 
neural network (ANN) models to predict the mechanical 
response according to the TiO2 percentage. This work aimed 
to determine the effect on the mechanical and antibacterial 
performance of TiO2 as a filler in the PA12 matrix and to 
optimize the mechanical response of FFF 3D printed nano-
composites exhibiting antibacterial performance, which 

was also verified on the nanocomposites by the experiments 
conducted in this work. The mechanical response optimi-
zation was achieved by selecting the appropriate values 
of significant 3D printing parameters, such as the nozzle 
temperature and raster deposition angle, which affect the 
mechanical response of the 3D printed parts. To the best 
of our knowledge, no similar work with such mathematical 
models exists in the literature. It was found that increasing 
the filler loading at loadings higher than 2 wt.% decreases 
the mechanical response of the nanocomposites, although 
the antibacterial performance continues to increase. Regard-
ing the 3D parameters, higher nozzle temperatures and zero 
deposition angles optimize the mechanical performance of 
all TiO2% nanocomposites.

2 � Experimental

Figure 1 on the left side summarizes the experimental pro-
cess followed for filament fabrication, the manufacturing of 
the specimens with FFF 3D printing, and the characteriza-
tion method followed. The right side of Fig. 1 shows graphi-
cally as well as the modeling strategy for the 3D printed 
parameters studied in the current work.

Fig. 1   Graphical presentation of the experimental processing (left side) and the modeling strategy (right side) followed during the current study

787The International Journal of Advanced Manufacturing Technology (2022) 121:785–803



1 3

2.1 � Materials

PA12 was selected as the matrix material for nanocomposite 
fabrication. PA12 was procured from Arkema (Arkema SA, 
Colombes, France). More specifically, the procured polyam-
ide was Rilsamid AESNO TL. According to the manufactur-
er’s technical data sheet, the material’s density is 1.01 g/cm3, 
and its melt volume-flow rate (MVR) is 8.0 cm3/10 min; 
both are fine characteristics for extrusion processing, and 
necessary for filaments fabrication. The Vicat softening and 
melting temperatures were set at 142 °C and 180 °C. The 
filler selected for the nanocomposite preparation was TiO2 
procured from Degussa Evonik (Evonik SA, Essen, Ger-
many) at a nanoscale particle size. The nanoparticles were 
spherical in shape, with diameters ranging from 25 to 50 nm.

2.2 � Nanocomposites preparation and specimens 
fabrication

The PA12 matrix material was initially dried at 50 °C for 
24 h, and it was afterward mixed with TiO2 nanoparticles 
using a dry mixing procedure with a laboratory high shear 
forcing mixer. The mixed materials were then placed inside 
a single-screw extruder. Specifically, a 3D Evo Composer 
450 extruder (3D Evo, Maastricht, Netherlands) was used 
for filament fabrication. The extruder was equipped with a 
specially designed screw to optimize the melt-mixing pro-
cedure and four heating zones. For all fabricated materials, 
temperatures were set for the heating zone closer to the hop-
per (zone 4) at 185 °C, while the remaining heating zones 
up to the extruder nozzle (zone 1) were set at 245 °C. The 
screw rotational speed was set at 3.5 rpm (the extruder’s 
operational rotational speed ranges from 2.5 to 15 rpm), and 
built-in cooling fans were set to 20%. The 3D Evo Com-
poser 450 comes with a built-in real-time produced filament 
diameter measuring system that automatically adjusts the 
filament production speed to maintain the produced fila-
ment within acceptable deviations. Figure 5A shows a typi-
cal graph for the produced filament diameter, indicating that 

the parameters used in the extrusion process were suitable 
for producing filaments with diameters within the 3D print-
ing process specifications.

To fabricate the specimens, a Craftbot Plus (Craftbot SA, 
Budapest, Hungary) FFF 3D printer was employed. Figure 2 
presents a summary of fundamental 3D printing settings. All 
other settings were set according to their prefix values for 
the PA material in Craftware (version 1.21) software utilized 
for slicing. Nozzle fans were closed during the entire 3D 
printing procedure to eliminate wrapping on the specimens. 
All 3D printing parameters were experimentally determined 
for the materials of the study prior to their use for this study.

2.3 � Mechanical properties testing methods

Tensile tests were conducted on 3D printed specimens. An 
Imada MX2 (Imada Inc., Northbrook, IL, USA) tensile 
apparatus with standardized grips was utilized. The Interna-
tional Standard of American Society for Testing and Mate-
rial (ASTM) D638-02a was followed for tensile testing, and 
Type V specimens were 3D printed for each material. Six 
(6) specimens were fabricated and tested for each material 
under ambient conditions (23 °C, 50% RH). The test speed 
was set at 10 mm/min. Prior to the 3D printing, the pre-
pared filament from the pure PA12 polymer was also tested 
under tensile loading on the same apparatus to evaluate the 
mechanical strength of the bulk material and the effect of 
the 3D printing process on the mechanical strength of the 
material. Tensile tests on the filament (Fig. 5B) were con-
ducted as a screening process because they do not follow an 
international standard, and their results cannot be directly 
compared with the 3D printed specimen tensile test results.

2.4 � Morphological, thermal, and antibacterial 
analysis

Thermal decomposition analysis was conducted using ther-
mogravimetric analysis (TGA) in the temperature range of 
40–550 °C under a nitrogen (N2) supply and a temperature 
ramp of 10 °C/min. A Perkin Elmer Diamond TGA/DTGA 

Fig. 2   Summary (right side) 
of the fundamental FFF 3D 
printing settings employed 
for specimens’ fabrication. 
Tensile specimens, 3D printed 
according to the corresponding 
international standard for this 
work, and a sketch explaining 
the selected 3D printing orienta-
tion are presented on the left 
side of the figure
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(Perkin Elmer, Waltham, MA, USA) was used for the meas-
urements. To investigate the fracture mechanism, a morphol-
ogy analysis was conducted using scanning electron micros-
copy (SEM) images of the fracture area of the specimens. A 
Jeol JSM 6362LV electron microscope (Jeol Ltd., Peabody 
MA, USA) was used, with a 20 kV acceleration voltage in 
high vacuum mode. The samples were formerly gold coated. 
Images were acquired at two magnifications. The antibacte-
rial properties of the fabricated nanocomposites were evalu-
ated by screening against S. aureus and E. coli. Cylindrical 
specimens with a diameter of 12 mm and height of 5 mm 
were 3D printed and tested using the agar diffusion method 
in a microbiological laboratory under a constant environ-
mental temperature of 37 °C. Petri dishes of 85 mm diameter 
with bacteria and bacteria growth material MC.2, C.010066 
for E. coli, and C.010068 for S. aureus were utilized for the 
cultures. Bacterial growth was optically measured after 24 h, 
and inhibition zones were measured and compared.

2.5 � Design of experiments

The full factorial experimental design was selected to inves-
tigate the influence of the TiO2 percentage, NT, and RDA on 
the mechanical response of the prepared 3D printed nano-
composites [72–74]. The loading of the filler in the nano-
composite was chosen to be studied, since one of the main 
aims of the work, was to determine the effect of the filler 
loading on the antibacterial properties and the mechanical 
response of the prepared nanocomposites. So, preparing and 
studying nanocomposites with different filler loadings was 
essential for this work.

The RDA and NT have also been considered since they 
have been proved important in the literature for the mechani-
cal strength of the FFF 3D printed parts [11]. So, various 
parameter values were studied in the work. For ‘line’ type 
infill structures, the zero RDA increases the UTS, but the 
variability is different for each working filament. Also, for 
the nozzle temperature, the effects depend on the compos-
ite matrix material and filler content wt% [11]. Therefore, 
twenty-seven (27) combinations of the three independ-
ent parameters with three discrete values each (levels; see 
Table 1) were tested three (3) times each, resulting in eighty-
one experiments (Table 2).

3 � Results

3.1 � Mechanical properties

Tensile tests were conducted on a set of six specimens for all 
tested scenarios to determine their mechanical strength and 
acquire a generic aspect of their mechanical performance. 
Figure 3 presents the typical stress (MPa) to strain (mm/
mm) curves of the specimens in a comparison with different 
filler loadings and 3D printing nozzle temperatures for the 
same infill 3D printing orientation angle of 45°. According 
to the results, all nanocomposites exhibited enhanced tensile 
strength when the nozzle temperature was set to 260 °C. 
This behavior can be attributed to the better flow rate of the 
materials, which resulted in a fine fusion to interlayer bond-
ing. Other mechanical properties, such as the tensile modu-
lus of elasticity are decreased at 260 °C, with the highest 
values recorded at 250 °C. This indicates that the optimum 
mechanical response is on parts built with nozzle tempera-
ture in the range of 250–260 °C. It should be noted that the 
1 wt.% nanocomposite presented in Fig. 3 was prepared, but 
since it did not exhibit antibacterial performance, it was not 
further considered in the modeling process.

Figure 4 shows the typical stress (MPa) to strain (mm/
mm) curves of the tensile tests for the same nozzle tempera-
ture of 250 °C for different filler loading and infill orienta-
tion 3D printing angles. A noticeable ductile behavior was 
observed for all nanocomposites with an orientation angle of 
0°, while for the other two orientation angles, a rather brittle 
behavior was reported. The coherence of the specimens in 
the 3D printing direction was higher than that in the other 
3D printing orientations, whereas the filler loading caused an 
inconsistent effect in the cases of 1.0 wt.% and 2.0 wt.%. At 
90°, a higher tensile strength was measured which contradicts 
the mechanical behavior of the 3D printed specimens, as the 
fusion between the infill strands in the 3D printing direction 
is expected to be less than that in the other directions. As 
a result, 90° exhibited the worst mechanical performance, 
which was not the result here. This behavior was plausibly 
due to the filler’s fusion in each nanocomposite material. In 
the case of 4.0 wt.%, such effect is changing to what is usu-
ally reported for the infill orientation and such change in the 
mechanical behavior is possibly implying a saturation effect 
due to the filler’s loading. Such variations in the mechanical 
properties further strengthen the need for mathematical mod-
eling to optimize the mechanical response of the 3D printed 
parts, according to the selected 3D printing parameters.

Figure 5C shows the tensile test results of the filaments. 
As shown, the measured tensile strength of the filament is 
in good agreement with the nominal strength of the mate-
rial in its datasheet. The measured tensile strength of the 
filament was approximately 43% higher than the 3D printed 

Table 1   Parameters with levels

Variables Units Levels

1 2 3

PA12 vs TiO2 (%) TiO2 0 2 4
Raster deposition angle (RDA) (Degrees) 0 45 90
Nozzle temperature (NT) (°C) 240 250 260
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Table 2   Experiments

Νo Input parameters Output parameters

ε (mm/mm) σB (MPa) E (MPa) T (MJ/m3)

TiO2 (%) RDA (o) NT (°C) Min Med Max Min Med Max Min Med Max Min Med Max

1–3 0 0 240 2.3 2.4 2.4 33.9 34.6 34.8 121.3 124.3 127.7 78.0 81.0 83.0
4–6 0 0 250 2.7 2.8 2.8 33.8 33.9 34.2 117.0 130.8 137.3 90.0 90.5 90.7
7–9 0 0 260 3.0 3.0 3.1 33.1 33.1 33.5 112.5 118.3 119.6 92.6 94.4 95.5
10–2 0 45 240 0.5 0.5 0.5 31.5 32.8 33.0 117.8 123.8 136.7 46.6 52.5 58.0
13–5 0 45 250 3.5 3.5 3.8 37.3 37.3 37.5 123.5 134.8 142.4 116.1 117.8 125.6
16–8 0 45 260 4.0 5.1 5.2 40.8 43.2 45.7 132.3 138.0 140.6 140.8 182.3 191.3
19–21 0 90 240 2.8 3.3 4.0 33.9 37.5 37.8 108.9 134.7 136.8 102.0 121.1 141.8
22–4 0 90 250 3.5 4.1 4.3 35.8 38.2 41.0 131.5 139.2 144.4 121.4 139.4 152.9
25–7 0 90 260 3.6 4.8 5.3 39.0 39.9 44.5 121.8 128.4 146.1 130.5 170.5 199.4
28–30 2 0 240 2.9 3.0 3.1 33.0 33.9 33.9 126.8 128.8 135.1 89.6 93.5 96.2
31–3 2 0 250 2.7 2.8 3.2 31.2 32.4 33.0 117.3 130.8 136.3 85.9 89.7 110.1
34–6 2 0 260 2.5 2.8 3.0 28.6 31.0 32.6 118.8 122.7 130.7 80.6 87.3 92.6
37–9 2 45 240 0.4 0.5 0.5 25.8 29.4 32.1 107.5 121.5 122.7 18.8 18.9 25.0
40–2 2 45 250 0.4 0.4 0.5 25.3 28.5 29.9 101.0 119.5 126.0 13.1 18.2 66.7
43–5 2 45 260 0.5 0.5 0.5 23.5 29.5 30.0 86.8 113.1 125.3 15.4 24.1 25.9
46–8 2 90 240 0.4 0.5 0.5 28.6 28.8 29.8 99.3 109.5 116.2 19.7 19.9 78.6
49–51 2 90 250 0.5 0.5 0.5 26.9 31.1 32.5 88.0 120.5 122.7 18.0 32.4 56.8
52–4 2 90 260 0.4 0.5 0.5 29.4 30.6 32.2 113.6 123.5 123.9 37.6 38.5 45.3
55–7 4 0 240 2.4 2.7 3.0 27.3 29.0 29.9 118.3 119.1 132.8 71.5 85.6 88.0
58–60 4 0 250 2.6 2.8 2.8 26.8 29.5 30.6 124.7 126.2 130.5 75.1 84.2 86.7
61–3 4 0 260 2.8 3.1 3.2 28.8 29.1 29.5 123.7 130.5 131.5 84.5 87.6 91.0
64–6 4 45 240 0.4 0.4 0.4 22.3 23.3 26.0 88.5 107.5 118.0 11.7 15.7 17.2
67–9 4 45 250 0.3 0.4 0.5 24.6 24.9 27.9 109.3 112.6 118.4 13.9 15.7 19.6
70–2 4 45 260 0.4 0.5 0.5 25.7 28.5 29.4 109.6 116.2 128.7 16.1 16.1 19.6
73–5 4 90 240 0.5 0.5 0.5 21.8 21.9 22.3 86.6 88.2 94.3 16.7 16.7 19.8
76–8 4 90 250 0.3 0.5 0.5 22.2 23.5 24.6 90.2 100.6 107.3 20.5 21.2 30.6
79–81 4 90 260 0.4 0.5 0.5 22.5 23.4 27.7 80.6 102.4 111.2 15.9 18.5 21.3

Fig. 3   Typical tensile stress 
(MPa) to strain (mm/mm) 
curves of tensile specimens’ 3D 
printed with infill’s extrusion 
orientation of 45° and for all 
tested nozzle’s temperatures 
for A PA12-TiO2 1.0 wt.%, B 
PA12-TiO2 2.0 wt.%, and C 
PA12-TiO2 4.0 wt.%
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specimens, indicating the strong effect of the 3D printing pro-
cess on the mechanical response of the materials. This further 
supports the need for mathematical modeling to optimize 
the 3D printing parameters for parts built with this material.

3.2 � Thermal properties

To verify the thermal performance of the studied mate-
rials, thermogravimetric analysis (TGA) was conducted 

on the samples from the 3D printed parts. Figure 5D 
shows the weight loss (%) to temperature (°C) for the 
PA12 TiO2 2.0 wt.% nanocomposite and the correspond-
ing d(weight) rate to dT in comparison to temperature 
(°C) (Fig. 5E). The TGA graphs verified that the tem-
peratures used in the extrusion and the 3D printing pro-
cess did not affect the material because its degradation 
temperature was much higher than the temperatures used 
in the study.

Fig. 4   Typical tensile stress 
(MPa) to strain (mm/mm) 
curves of tensile specimens’ 3D 
printed with nozzle temperature 
set to 250 °C and for all tested 
infill’s extrusion orientation 
for A PA12-TiO2 1.0 wt.%, B 
PA12-TiO2 2.0 wt.%, and C 
PA12-TiO2 4.0 wt.%

Fig. 5   A Real-time recording of filament diameter from extruder’s 
built-in sensor, B Typical setup of the tensile test of the extruded fila-
ment, C Tensile strength and tensile modulus of elasticity calculated 

for the prepared pure PA12 filaments. D TGA graph of PA12/TiO2 
2.0 wt.% weight (%) to temperature (°C), E DTGA graph of PA12-
TiO2 2.0 wt.% d(weight)/dT to temperature (°C)
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3.3 � Morphological analysis

The quality of the produced filament was verified by 
recording the filament diameter from the built-in sen-
sor of the 3D Evo extruder (Fig. 5A) during the filament 
extrusion process. The diameter was set at 1.75 mm. As 
shown in Fig. 5A, the diameter of the produced filament 
had an average deviation of 0.05 mm to the nominal value, 

which is an acceptable deviation, ensuring the 3D printing 
quality.

To evaluate the 3D printing quality of the specimens, side 
surface SEM images were acquired from tensile test speci-
mens (Fig. 6). In the pure PA12 images (Fig. 6a, b), a perfect 
layer interfusion can be observed, with no defects. With the 
addition of the filler, a few voids and defects can be observed 
in the SEM images. These voids and defects do not seem to 

Fig. 6   Specimen’s side surface in a magnification level of 30 × and 150 × : a, b pure PA12, c, d PA12/TiO2 1.0 wt.%, e, f PA12/TiO2 2.0 wt.%

Fig. 7   Specimen’s fracture 
area in a magnification level of 
30 × for A PA12 pure, B PA12/
TiO2 2.0 wt.%, C PA12/TiO2 
4.0 wt.%, and D 300 × magni-
fication level of PA12/TiO2 4.0 
wt.%
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increase with the increase of the filler loading. In the higher 
magnification images, these defects were not evaluated as 
significant; still, they might be the reason for the decreased 
mechanical performance of the nanocomposites, when com-
pared to the pure PA12 material.

To investigate the fracture mechanism, SEM images 
were acquired from the fracture areas of the specimens. 
Through the SEM images, an aspect of the internal struc-
ture can also be extracted, providing mainly qualitative 
information related to the processing quality. In Fig. 7A, 
PA12 pure material’s fracture area is shown at a magnifi-
cation level of 30 × . The internal structure appears com-
pact enough, considering that it is fractured, indicating 
a fine quality for the 3D printing procedure. A ductile 
fracture mechanism is observed, which agrees with the 
PA12 mechanical properties, and a fine fusion quality in 
the interlayer direction is depicted. Figures 6C and 7B pre-
sent the fracture areas of the PA12 TiO2 2.0 wt.% and 4.0 
wt.% nanocomposites. Few minor voids were observed 
between the shell structure and the infill. Such voids are 
plausibly caused during the fracture of the specimen, but 
they can also indicate that the presence of TiO2 introduced 
a change in the flow rate of the nanocomposite which 
forced a reduction in the bonding quality in the intralayer 
direction, while the interlayer fusion seems to be less 
affected. In Fig. 7D, a closer view at a magnification level 
of 300 × is presented for the PA12 TiO2 4.0 wt.% nano-
composite material, clearly indicating the ductile fracture 
mechanism of all tested materials.

In Fig. 8, SEM images of the TiO2 powder (Fig. 8a), 
pure PA12 (Fig. 8b), and PA12/TiO2 2.0 wt.% are pre-
sented along with the corresponding EDX graphs produced 
in each case. In all cases, the elements of the materials 
were verified, as shown in the figures. As expected, in the 
TiO2 powder EDX graph, the Ti peaks are higher, indi-
cating a higher concentration than in the nanocomposite 
material.

3.4 � Antibacterial performance

This work aimed to optimize with mathematical modeling 
the mechanical response of nanocomposites with antibac-
terial properties and 3D printing using the FFF process. 
Therefore, the antibacterial performance of the prepared 
3D printed nanocomposites should have been verified. This 
was achieved in this work using the following screening pro-
cess. The antibacterial performance of the fabricated PA12/
TiO2 nanocomposite materials is shown in Fig. 9. Images 
were acquired after culturing the bacteria for a duration of 
24 h. The antibacterial performance with the introduction 
of TiO2 in the nanocomposites is clearly shown through the 
developed inhibition zones (IZ). In Fig. 9B, F, PA12 pure 
material’s antibacterial performance is shown. As expected, 
the material did not exhibit antibacterial performance. The 
addition of titanium dioxide in 2.0 wt.% (Fig. 9C and H) 
or 4.0 wt.% (Fig. 9D, G) created IZs which were measured 
with over 6.5 mm width, for both tested bacteria (E. coli and 
S. aureus). It was also shown that an increase in the filler 

Fig. 8   a SEM image of the TiO2 powder, b corresponding EDS graph of the TiO2 powder, c SEM image of the pure PA12, d corresponding 
EDS graph of the pure PA12, e SEM image of the PA12/TiO2 2.0 wt.%, f corresponding EDS graph of the PA12/TiO2 2.0 wt.%
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loading increased the IZs. Agar well diffusion, utilized as a 
screening method for the determination of the antibacterial 
performance of nanocomposites, exposes the specimens to 
a severe bacterial growth environment. The creation of such 
IZs for the nanocomposites assessed herein indicates the 
potential for further study of the antibacterial performance 
of TiO2 as a filler in filamentous nanocomposites, as it could 
function as a strong factor for the development of multifunc-
tional nanocomposite materials in 3D printing.

3.5 � Data analysis and modeling

Previous works in the literature [73] inspired the analysis 
of experimental data. The three best values reported of the 
six experiments conducted were considered in the modeling 
process. Therefore, the main effects plots (MEP) and the 
interaction charts decompose the parameter effects and inter-
actions according to the mechanical response.

According to the MEP plots:

•	 σb (MPa): The percentage of TiO2 was the most criti-
cal factor affecting σb (Fig. 10A). The increase in TiO2 
loading decreased the σb. This effect plausibly implies a 
saturation effect on the nanocomposites. Higher filling 
ratios probably create changes in the volume melting flow 
ratio, which could be further investigated in future studies. 
However, NT and RDA did not significantly affect the 
results, indicating that they are not as important param-

eters as filler loading. During the FFF process in the cur-
rent study, the flow rate on the 3D printer was maintained 
at a constant pre-set value for all the tested materials. The 
flow rate parameter is related to the ability of the material 
to flow faster or slower (between a range of flow rates).

•	 ε (mm/mm): Strain is significantly influenced by TiO2% 
and RDA (Fig. 10b), while NT showed a moderate influ-
ence. The addition of TiO2 seems to affect the flow rate 
of the nanocomposite materials, and as mentioned, the 
flow rate of all tested materials was set to the same pre-
set value. Changing the flow rate value could plausibly 
improve the flow of the nanocomposites during the FFF 
process, but it would increase the complexity of the 
analysis because the results from the varied materials 
studied cannot be directly compared in this case. The 
infill orientation affected the strain, plausibly due to pure 
quality fusion in the 3D printing filamentous direction, 
causing an anisotropic behavior in the specimens. An 
infill of 90° RDA was prone to tensile stress. Such an 
RDA may maintain a better strength performance, but 
pure filamentous fusion worsens the strain behavior.

•	 E (MPa): E was also significantly influenced by TiO2% 
and RDA (Fig. 10c) and was moderately influenced by 
NT. The filler ratio and RDA are described as the most 
significant settings which should be considered for a 
high-performance 3D printing process.

•	 T (MJ/m2): Finally, T is also influenced by TiO2% and RDA 
significantly (Fig. 10d) and moderate by NT. Such a perfor-
mance further enhances the factorial effect of filler loadings, 

Fig. 9   A Typical morphology of E. coli, B PA12 pure specimen in 
E. coli, C PA12/TiO2 2.0 wt.% specimen in E. coli, D PA12/TiO2 
4.0 wt.% specimen in E. coli, E Typical morphology of S. aureus, F 

PA12 pure specimen in S. aureus, H PA12/TiO2 2.0 wt.% specimen 
in S. aureus, G PA12/TiO2 4.0 wt.% specimen in S. aureus 
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as per the flow change, and the infill’s filamentous direction 
as the strain changes. Toughness describes the ability of a 
material to absorb energy as an integral of the stress–strain 
curve. Such calculations and the corresponding tensile mod-
ulus of elasticity are combined, exploiting the high signifi-
cance of the specified 3D printing setting analysis.

Interaction charts were used to evaluate how the varia-
tion of one parameter affected the mechanical response in 
correlation with other parameter changes (Fig. 11). Unfor-
tunately, the trend lines of these diagrams are not parallel, 
and in some cases, are complex. Therefore, strong interac-
tions exist, and predictive modeling using regression or 
neural network models is challenging.

3.6 � Quadratic regression models vs artificial neural 
network modeling

To correlate the input with the output parameters, analysis 
of variance (ANOVA) was performed on the pure data, and 

quadratic regression models (QRM) with all cross prod-
ucts and quadratic terms were adopted. Therefore, the fol-
lowing equations were used:

where the 'Rj' is used for the mechanical response (ε, σb, 
E, and T), xi, xj are the variable parameters (TiO2%, RDA, 
and NT), whilst the bi, bii, and bij are the linear, quadratic, 
and interaction products of the variables.

Table 3 presents the F values and R2 values based on 
the ANOVA analysis. The F values of all models were 
higher than four (4), and P values were lower than 0.05. 
Therefore, the developed models are appropriate for 
predicting the mechanical response metrics. According 
to the F values and R2 values, the ranking of the mod-
els concerning the expected accuracy is (i) σB, (ii) ε, 
(iii) T, and (iv) E. However, the R2 value of E is insuf-
ficient, which is evidence that the accuracy of the model 
is inadequate.

(1)Rj = b
0
+

∑n

i=1
bixi +

∑n

i=1
biix

2

i
+

∑

i

∑

j
bijxixj

Fig. 10   MEP plots of variable parameters vs ε, σb, E, and T 
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For soft computing modeling reasons, the input param-
eters (TiO2%, NT, RDA) were normalized using the 
min–max map rule (Kechagias et al., 2022), while each 
output parameter (ε, σB, E, T) was normalized using dif-
ferent rules, as indicated in Table 3. The topology of the 
developed ANN is shown in Fig. 12.

Details of the learning parameters, activation functions, 
normalization rules of the input and output, and perfor-
mance of the ANNs are presented in Table 4. The mean 
absolute percentage values (MAPE) were lower than 16%. 
The ranking of the models’ prediction efficiency is (i) E, 
(ii) σB, (iii) ε, and (iv) T. All R2 values are higher than 79%, 
which means that the models are adequate and more efficient 

than the regression models (Eq. 1). Moreover, the predic-
tion efficiency of the ANNs was presented by probability 
plots (Fig. 13a–d). Finally, time-series plots are shown in 
Fig. 14A–D and are evidence that the ANN models have 
better prediction efficiency.

3.7 � Evaluation experiments

The regression mentioned above and the ANN models were 
evaluated using 39 independent evaluation experiments, as 
described in Table 5. The mean absolute percentage values 
were similar to those shown in Table 5. This provides solid evi-
dence that the following ANN modeling procedure is suitable.

Fig. 11   Interaction plots
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4 � Discussion

In this work, tensile specimens with antibacterial perfor-
mance were fabricated through FFF 3D printing with various 
3D printing settings, as described above. The significance 
of each 3D printing parameter was evaluated based on the 
experimental results and ANN analysis. Three parameters, 
that is, filler loading, RDA, and NT, were analyzed for their 
effect on the tensile performance of the nanocomposites. 
The analysis performed through mathematical modeling 
highlighted the most significant settings and their values 
that optimize the mechanical performance. Filler loading 
was the most significant parameter affecting the mechani-
cal response of the specimens, mainly because of its effect 

on the flow behavior of the nanocomposites during the 3D 
printing process. Through ANN modeling, it was shown that 
further studies are required to create a fully analytical model 

Table 3   Analysis of variance

ε (mm/mm) σB (MPa) E (MPa) T (MJ/m.3)

Source DF F value
Regression 9 33.75 37.06 12.30 32.83
TiO2% 1 11.85 1.04 1.04 9.52
RDA 1 0.77 6.24 2.74 1.18
NT 1 0.48 0.02 1.64 0.26
TiO2%*TiO2% 1 33.71 4.84 0.96 23.57
RDA*RDA 1 32.43 0.95 0.02 23.12
NT*NT 1 0.36 0.03 1.70 0.19
TiO2%*RDA 1 59.90 41.65 37.18 61.23
TiO2%*NT 1 17.28 2.40 0.89 14.03
RDA*NT 1 0.12 6.84 3.05 0.56
Error 71
Total 80
Performance
Regression P value 0.000 0.000 0.000 0.000
R.2 81.06 82.45 60.93 80.63
R.2 (adj) 78.65 80.22 55.98 78.17
R.2 (pred) 75.37 77.55 49.70 74.91
Ranking 2 1 4 3

Fig. 12   The topology of the 
developed ANNs

Table 4   Architecture, stop criteria, and performance of the developed 
ANN

ε (mm/mm) σB (MPa) E (MPa) T (MJ/m.3)

Normalization rule
  Input Map min–max [0, 1]
  Output  − 10*log10(Yi) No Map min–

max
log10(Yi)

  Output 
objective

Yi ≥ 0

Topology
  Topology 3 × 12 × 1 3 × 8 × 1 3 × 12 × 1 3 × 12 × 1

Transfer functions
  Layer 1 

(hidden)
Tansig Tansig Tansig Tansig

  Layer 2 
(output)

Tansig Tansig Purelin Purelin

Learning parameters
  Mu 0.001
  Mu- 0.1
  Mu +  10

Stop training rules
  Epochs 1000
  Goal 0
  Max fail 6

Performance
  MSE 0.20848 3.1606 0.026854 0.017726
  Epochs 0 1 0 0
  Rtraining 0.99561 0.95743 0.78773 0.94892
  Rvalida-

tion
0.99428 0.94487 0.91683 0.98113

  Rtest 0.99841 0.89214 0.77727 0.98542
  Rall 0.99600 0.94699 0.79434 0.9525
  MAPE 6.5% 4.6% 6.1% 16%
  Ranking 3 2 1 4
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Fig. 13   Probability plots of 
the residuals of the developed 
ANNs

Fig. 14   Time series plots: actual 
vs ANNs vs QRMs
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of this parameter. But the addition of the filler induces anti-
bacterial properties to the matrix material, which are impor-
tant for specific types of applications. This was expected 
since titanium has characteristics that are inhibiting the 
growth of different bacteria [75]. Still, it was found in the 
experiments, that the increase of the filler loading does not 

significantly improve the antibacterial performance of the 
nanocomposites.

Considering the filler wt%, it is evident that it reduces 
all the mechanical responses. The PA12 with 4wt.% TiO2 
exhibits about 10 MPa lower σb than pure PA12. On the 
other hand, the raster deposition angle decrease or the nozzle 

Table 5   Independent evaluation experiments

PA12/TiO2 (%) RDA (o) NT (oC) Actual ANN Actual ANN Actual ANN Actual ANN
ε (mm/mm) σB (MPa) E (MPa) T (MJ/m3)

1 0 0 240 2.24 2.35 34.10 34.90 135.74 124.86 79.79 81.28
2 0 0 240 2.56 2.35 33.89 34.90 114.21 124.86 84.37 81.28
3 0 0 250 2.58 2.79 33.44 34.10 125.53 126.92 88.12 88.94
4 0 0 250 2.76 2.79 33.35 34.10 118.42 126.92 88.45 88.94
5 0 0 260 2.80 3.03 32.40 33.76 121.49 121.41 87.21 92.70
6 0 0 260 2.80 3.03 33.37 33.76 130.75 121.41 91.29 92.70
7 0 45 250 4.43 3.59 42.49 37.52 132.19 133.81 159.01 115.18
8 0 45 250 3.62 3.59 31.14 37.52 119.47 133.81 100.13 115.18
9 0 45 260 3.88 4.75 37.57 43.45 149.98 138.51 130.75 156.86
10 0 90 240 3.59 3.32 36.11 36.04 133.64 135.74 121.24 118.84
11 0 90 250 4.00 4.21 37.24 38.80 113.68 138.46 139.63 132.96
12 0 90 250 3.15 4.21 36.53 38.80 133.15 138.46 107.20 132.96
13 0 90 260 3.74 4.36 38.31 40.78 125.78 137.61 130.50 191.38
14 0 90 260 4.54 4.36 39.37 40.78 135.13 137.61 154.62 191.38
15 2 0 240 3.36 2.92 33.45 33.14 124.92 131.85 102.93 94.89
16 2 0 240 3.30 2.92 33.78 33.14 122.29 131.85 101.64 94.89
17 2 0 250 3.47 2.76 33.44 32.23 123.20 128.05 101.69 94.73
18 2 0 250 3.50 2.76 34.10 32.23 124.39 128.05 106.57 94.73
19 2 0 260 3.06 2.73 31.82 30.49 117.41 125.48 91.58 83.52
20 2 45 240 0.46 0.48 31.08 30.61 128.45 114.05 28.42 18.80
21 2 45 250 0.46 0.44 31.42 27.75 123.66 115.30 82.55 34.69
22 2 45 260 0.45 0.48 31.01 27.91 121.89 113.10 22.38 24.16
23 2 90 240 0.52 0.46 24.60 30.44 96.32 107.84 18.82 31.16
24 2 90 240 0.49 0.46 31.74 30.44 120.03 107.84 46.51 31.16
25 2 90 250 0.49 0.49 28.83 29.90 112.03 117.83 24.37 24.07
26 2 90 260 0.47 0.43 31.27 30.01 123.69 123.35 102.04 44.93
27 4 0 240 2.47 2.56 27.96 30.57 129.31 123.98 70.80 79.41
28 4 45 240 0.50 0.39 23.97 22.35 109.78 97.71 17.56 16.46
29 4 45 240 0.42 0.39 23.26 22.35 102.95 97.71 13.73 16.46
30 4 45 250 0.43 0.41 27.81 25.76 121.56 113.17 19.31 16.27
31 4 45 250 0.42 0.41 21.62 25.76 86.02 113.17 12.68 16.27
32 4 45 260 0.47 0.53 30.71 27.08 124.53 118.55 33.38 19.61
33 4 45 260 0.42 0.53 27.62 27.08 119.08 118.55 17.73 19.61
34 4 90 240 0.44 0.48 23.86 22.03 103.87 90.02 20.98 18.25
35 4 90 240 0.49 0.48 23.34 22.03 97.88 90.02 17.06 18.25
36 4 90 250 0.49 0.46 27.36 23.19 104.79 107.53 30.08 23.70
37 4 90 250 0.48 0.46 26.65 23.19 100.91 107.53 17.51 23.70
38 4 90 260 0.46 0.48 22.33 24.92 90.99 96.36 19.08 18.54
39 4 90 260 0.42 0.48 25.66 24.92 105.06 96.36 16.68 18.54
Mean absolute error — MAPE (%) 9.8% 7.0% 7.2% 18.0%
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temperature increase increases the σb of the investigated 
material and experimental region. These results are similar 
to the literature for other composite materials, e.g., PLA 
wood composites [11].

Infill orientation has also been exploited as a crucial 
factor in the mechanical performance of nanocomposites. 
The quantification of the parameter through ANN modeling 
enabled the ability to predict in a more accurate way the 
mechanical response according to the requested specifica-
tions of each case. The RDA radically affected the isotropic 
behavior of the specimens. Insufficient fusion increased the 
anisotropic behavior of the specimens and increased the sig-
nificance of this parameter. Finally, the quantification of the 
nozzle temperature effect on the mechanical performance of 
the nanocomposites through ANN modeling indicated that 
there was no significant factor in the cases studied.

5 � Conclusions

The evolution of manufacturing is enhancing the role of AM 
in end-use and operating component manufacturing. Com-
posite and nanocomposite materials are continuously devel-
oped to enable the fabrication of AM parts to operate under 
different conditions. The necessity of predicting the mechani-
cal and other performances of such materials most promptly 
and effectively is high. In the current study, the effect of three 
(3) FFF parameters was analyzed through mathematical and 
ANN modeling to optimize the mechanical response of nano-
composites with antibacterial performance.

All the parameters have an effect on the mechanical 
response of the materials investigated. Through the analysis, 
filler loading, and infill orientation were reported as sig-
nificant parameters. Zero degree print orientation and the 
highest temperature of 260 °C studied achieved the high-
est mechanical response on the materials, with overall high 
values in strength, modulus of elasticity, and strain. Still, 
no clear pattern was observed in the effect of the param-
eters studied in the mechanical response. The addition of the 
filler had a negative effect on the mechanical strength of the 
matrix material, but its strength is still adequate for use in 
applications requiring an enhanced mechanical response. At 
the same time, the introduction of the filler, induced antibac-
terial properties to the nanocomposites prepared, which is an 
important asset for the materials, for use in demanding medi-
cal applications. Since the increase of the filler loading does 
not significantly increase the antibacterial performance, low 
filler concentrations are adequate for the specific nanocom-
posites. Low filler loadings are easier to process and do not 
significantly increase the cost of the materials in the process.

The enhanced mechanical response and antibacterial 
performance of the tested materials indicated their high 
potential for use in a wide range of medical applications. 

ANN model analysis has further enabled the quantification 
of the effect of the 3D printing parameters on the mechanical 
response, while it could be extended to other FFF settings 
such as the flow rate, which was found to plausibly affect 
the mechanical performance of the tested nanocomposites. 
Optimization of the FFF process could be time-wise short-
ened through prompt, accurate mathematical models, which 
should not only consider the geometric and operational con-
ditions of the 3D printers but also include material param-
eters, as was reported in the current study.
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