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Abstract
The industrial applications of Additive manufacturing technologies and systems are quickly increasing due to the high 
flexibility in the part design allowing for mass customisation and reduction of material usage. Besides the absence of manu-
facturing tools permits a reduction of the time to market. Despite these relevant advantages, building time is generally high 
and it can typically determine significant energy consumption. Several studies investigate the effect of infill patterns on 
material mechanical properties to address the design of deposition patterns but these works do not take into consideration 
relevant aspects related to the manufacturing stage, such as the energy consumption, both the building paths and time. The 
choice of the infill pattern greatly affects the balance amongst part performances, energy and material consumption. On the 
other hand, a reduction of the deposited material can effectively reduce the building time and then the process energy. In 
the present paper, an index that quantifies this balance for a largely used Additive Manufacturing technology is introduced. 
For this purpose, an experimental investigation is carried out by monitoring the process energy during the manufacturing 
of specimens characterised by different infill patterns. Then, physical and mechanical properties are measured to compose 
the proposed index.

Keywords Fused filament fabrication · Fused deposition modelling · 3D printing · Infill pattern · Energy consumption · 
Tensile properties

1 Introduction

Additive manufacturing (AM), also known as 3D printing 
(3DP), is defined as “the process of joining materials to 
make parts from 3D model data, usually layer upon layer” 
[1]. This definition comprises a wide range of technologies 
that are rapidly transforming the manufacturing industry 
worldwide [2–4]. In fact, AM processes allow for surpass-
ing several geometrical limitations of traditional technolo-
gies opening new opportunities in numerous industrial fields 
[5–7].

The global AM market was valued at 13.78 billion US 
dollars in 2020 and is expected to expand at a Compound 
Annual Grow Rate (CAGR) of 21% from 2021 to 2028 [8]. 
This tremendous expansion makes the research on the sus-
tainability of AM a topic of pivotal importance [9]. Particu-
larly, there is a body of research that has focused extensively 
on the assessment of the environmental impacts of 3DP [10]. 
Garcia et al. reviewed this research field showing that a 
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major concern arises from the electrical consumption of AM 
technologies [11]. This can be explained considering that the 
3DP-enabled design generally permits more efficient use of 
materials if compared to traditional processes [12, 13]. On 
the other hand, these technologies suffer from long process 
time, which determines an increase in machine usage and 
energy consumption [14, 15]. Therefore, there is a broad 
interest in the assessment of the energy consumption of AM 
processes [16, 17]. Liu et al. demonstrated that the energy 
efficiency of different AM processes can be significantly 
improved through a proper choice of process parameters 
without reducing product quality [18]. Nonetheless, there 
are still very limited studies on the relationships between 
process parameters and electrical consumption.

The 2021 annual report by Sculpteo revealed that the 
overwhelming majority of 3DP users deal with Fused Fila-
ment Fabrication (FFF) technology [19]. This process adopts 
a heated liquefier to melt a polymeric filament and deposit 
it layer-by-layer through a nozzle [20, 21]. Recently, this 
process has caused considerable interest within the indus-
try due to the significant improvements in part quality 
and the increasing number of available materials [22, 23]. 
These results were achieved through careful optimisation 
of the parameters governing this process [24]. Particularly, 
the literature demonstrates that the mechanical properties 
of parts are deeply influenced by process parameters such 
as the nozzle temperature, layer height and extrusion rate 
[25–27]. These parameters also affect the quality of manu-
factured parts as far as dimensional accuracy is concerned 
[28–30]. Consequently, a number of experimental studies 
have been proposed to investigate the relations between pro-
cess parameters and the characteristics of parts produced by 
FFF [31]. The results of this research can be used to optimise 
certain features of the manufactured products [32, 33]. This 
optimisation concerns not only the FFF process but also the 
successive operations [34–36].

Among process parameters, the deposition strategy has 
a crucial role in determining the part quality, dimensional 
accuracy, building time and mechanical properties [37, 38]. 
The deposition strategy is characterised by several param-
eters, such as the number of contour lines, the geometry of 
the infill and the distance between infill lines that is usually 
described through the infill density. All these parameters 
have a tremendous effect on the mechanical properties of the 
manufactured parts. Aloyaidi et al. demonstrated the effect 
of different infill patterns on the compression and impact 
strength of parts fabricated by Poly-Lactic Acid (PLA) 
[39]. A similar study was conducted by Yadav et al., who 
extended the investigation to different infill densities [40]. 
Wang et al. assessed the tensile strength of composite mate-
rials with hexagonal and triangular infill patterns printed at 
different densities [41]. The effect of combining different 
infill patterns on tensile properties was discussed in [42]. 

These studies highlight that the pattern geometry signifi-
cantly affects the mechanical properties of the manufactured 
parts. Nonetheless, the behaviour of infill patterns is affected 
by their intersection with the contour lines of the specimens 
used for testing and is dependent on their orientation to the 
load. Consequently, the results presented in these papers are 
difficult to be reused when manufacturing more complex 
geometries. Overall, the results of the literature demon-
strate that the mechanical resistance of manufactured parts 
increases with the infill density.

A common strategy for part filling is the use of a linear 
pattern, i.e., the deposition of parallel infill lines. Unlike 
previously discussed ones, this solution allows for nominal 
part densities up to 100%. It is worth underlining that the 
actual part density is always lower than 100% because parts 
suffer from porosities due to the intrinsic characteristics of 
the FFF process, as adequately explained in [43]. Porter 
et al. investigated the influence of differently oriented linear 
patterns (0°/90° and + 45°/− 45°) on the flexural modulus 
of FFF parts [44]. Croccolo et al. experimentally charac-
terised the tensile strength of Acrylonitrile Butadiene Sty-
rene (ABS) M30 with a 100% dense linear pattern oriented 
at + 45°/− 45°, and demonstrated the opportunity to achieve 
a reliable estimation of Young’s modulus and Ultimate 
Tensile Strength (UTS) through analytical calculation [45]. 
These studies offer an in-depth insight into the effect of infill 
patterns on mechanical properties but do not consider other 
important aspects related to the manufacturing process such 
as the build time [46–48].

Peng highlighted the main sources of energy consumption 
in a desktop FFF printer [49, 50]. Nagarajan and Haapala 
compared the environmental impacts of Fused Deposition 
Modelling (FDM) of acrylonitrile styrene acrylate polymer 
filament to iron Direct Metal Laser Sintering (DMLS) by the 
Cumulative Exergy Demand (CExD). They found that the 
CExD of FDM is higher than DMLS [51].

A model to predict the energy consumption of FFF was 
proposed by Yi et al. [52]. Industrial machines usually have 
a different energy demand due to the heating of the build-
ing chamber. This power absorption was experimentally 
measured by Balogun et al. who highlighted the role of 
the time-temperature curve used for heating on the overall 
energy efficiency of the process [53]. Faludi et al. presented 
a complete Life Cycle Assessment (LCA) of an industrial 
FFF printer, namely a Stratasys Dimension 1200 BST. Their 
results highlight energy consumption as the main source of 
environmental impact. A significant amount of this impact 
is due to the energy necessary to heat the building chamber 
while the printer is in standby mode [54]. Overall, these 
studies deepen the understanding of FFF energy consump-
tion but fail to correlate it with the most relevant process 
parameters. Specifically, no information is given on the role 
of infill patterns, which has been demonstrated to be crucial 
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to the duration and quality of this process. A recent system-
atic review of infill patterns in FFF was given by Jiang and 
Ma, who highlighted the need for an investigation of the 
relations between infill patterns and energy consumption as 
a possible area for future research [55].

The aim of this study is to investigate the effect of vari-
ous linear infill patterns on mechanical performances, mate-
rial and energy consumption of parts produced through an 
industrial FFF machine. This purpose is fulfilled through 
an experimental activity on a widely used material, namely 
ABS M30. The infill pattern and density are used as inde-
pendent variables of the experiment. Based on the previ-
ously reviewed body of the literature, these parameters are 
expected to significantly affect the energy consumption and 
mechanical properties of the parts. Each factor is varied 
on three levels. A full factorial Design of the Experiment 
(DOE) is carried out, i.e., all the combinations of infill pat-
tern and density are tested [56]. This approach was chosen 
to obtain a better insight into the non-linearities of relations 
between the infill parameters and the part properties. The 
energy consumed during the specimen manufacturing is 
monitored through a power meter. Then, part performances 
are acquired by tensile tests, and the observed results are 
also correlated to the infill toolpath to allow for the extension 
of the findings. Finally, a comprehensive index combining 
the mechanical properties, material and energy consumption 
is proposed and used for comparison purposes.

2  Material and methods

To identify a trade-off between the mechanical properties of 
parts, the amount of used material and the energy consump-
tion, a set of specimens were printed for tensile tests that are 

characterised by different infill patterns and densities. The 
parts were designed by following the ASTM D638-14 type 
I standard [57]. The specimen is shown in (Fig. 1), which 
shows also the orientation of the machine coordinate sys-
tem. The exterior surfaces of the specimens consisted of two 
contour lines, two top layers and two bottom layers oriented 
along the longitudinal axis.

A full factorial DOE was carried out using as factors the 
infill pattern and density. Linear infill patterns were con-
sidered. The orientation of the infill lines to the specimen 
longitudinal axis was varied on three levels, i.e., 0º, 90º 
and + 45º/− 45º. These infill strategies are shown in (Fig. 1) 
through a detailed view of the central part of the specimen. 
For each infill orientation, three different densities were 
investigated, namely 100, 90 and 80%.

Three repetitions of the experiment were carried out, 
leading to 27 final specimens. Each part was printed in 
a separate build job. The order of runs was randomised 
through the statistical software Minitab. The same software 
was used for the statistical elaboration of data at the end of 
the experiment.

The specimens were printed using a Fortus 250 3D printer 
by Stratasys Ltd. equipped with a T14 nozzle. This printer 
possesses a heated building chamber.

The printing conditions were modified within the ranges 
accepted by the GrabCAD Print slicer software and the 
Insight App. The materials and printing conditions are sum-
marized in (Table 1).

The printer is plugged into the 220 V, 50 Hz, 1 phase 
line. The active energy required by the equipment in each 
run was measured and recorded by using an ElNet Energy 
and Powermeter having serial and TPC/IP interface ports 
allowing direct interface with a PC for data recording. The 
energy consumption was recorded during the whole printing 

Fig. 1  Specimen geom-
etry (dimensions in mm) and 
detailed view of the infill orien-
tations investigated in this study
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cycle, from standby mode to the end of the printing process. 
The data was then separated into different periods to dis-
tinguish the energy required for chamber heating from that 
used for printing. The latter includes the material fusion, the 
movements of the motors and the build chamber temperature 
maintenance.

The specimens were weighed at the end of the printing 
process and after removing the support layers.

The specimens were tested according to the ASTM D638-
14 standard [58] with a universal testing machine Instron 
3382 equipped with a long travel 2603–080 extensometer. 
The Instron machine including a specimen mounted for test-
ing is shown in (Fig. 2). After mechanical tests, the fracture 
regions of the specimens were observed by means of a digi-
tal optical microscope Newvision G1200.

3  Results

The active energy measurements and printing times are pre-
sented in (Table 2) for different infill directions and densi-
ties. Since three replications were used for the experiment, 
the table reports all the individual measurements for each of 

the different infill orientations and densities to allow diverse 
elaborations by the reader.

The actual printing time of each build was measured by 
the operator using a digital stopwatch. It is worth noting 
that both the energy consumption and the production time 
decrease when the infill density diminishes. Being the infill 
density is the same, the maximum values of active energy 
and printing time are observed when the orientation of tracks 
is equal to 90°. Contrariwise, infill patterns at 0° show lower 
time and energy consumption if compared to other orienta-
tions with the same infill density.

The weight measurements are also shown in (Table 2). 
The difference between the total weight and that of the sam-
ple is due to the fact that the total weight includes the six 
layers of support deposited before starting to print the part. 
This support material is added by GrabCAD Print slicer to 
ease the detaching of parts from the building platform at 
the end of the process. The weight of the sample decreases 
accordingly with the infill density while the orientation of 
the infill pattern has no significant effects.

Figure 3 shows the stress–strain curves obtained during 
the tensile tests. The numerical values of UTS, elongation at 
break and Young’s modulus are also reported in (Table 3). 
By observing (Fig. 3 and Table 3), it can be noticed that the 
UTS and Young’s modulus change significantly with the 
infill orientation showing the lowest values for linear infill 
orientation equal to 90º and the highest ones for 0º. The 
tensile strength and modulus of parts decrease as the infill 
density decreases. The elongation at break does not show a 
clear trend.

Table 1  Materials and printing conditions

Materials

Model material ABS P430
Support material ABS SR30
Extruder
 Nozzle diameter (mm) 0.356
 Nozzle temperature (ºC) 300

Build chamber
 Size (mm) 250 × 250 × 305

 Temperature in standby mode (ºC) 72
 Temperature while printing (ºC) 76

Insight parameters-support
 Support style Basic
 No. of base layers 5

Insight parameters-toolpath
 Part interior style Sparse-low density
 Part fill style Multiple contours
 No. of contours 2
 No. of top and bottom solid layers 2
 Contour line width (mm) 0.508
 Top and bottom line width (mm) 0.508
 Layer height (mm) 0.254
 Raster width (mm) 0.406
 Infill density (%) 100; 90; 80
 Linear infill pattern with orientation (°) 0; 90; ± 45
 Sparse raster air gap depending on infill (mm) 0; 0.056; 0.127

Fig. 2  Instron 3382 performing the tensile tests on a printed sample
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Table 2  Measured values of 
active energy, printing time and 
weight for each infill direction

Orientation ( °) 0  ± 45 90

Infill (%) 80 90 100 80 90 100 80 90 100

Active energy (Wh) 336 385 418 485 515 551 493 536 579
358 373 392 446 512 536 500 549 614
320 378 384 448 516 553 516 548 574

Printing time (min) 37.1 40.0 42.6 51.7 56.5 61.6 55.9 61.6 66.5
37.1 39.9 442.5 51.7 56.5 61.6 55.9 61.7 67.5
37.1 40.0 42.6 51.7 56.5 61.6 55.9 61.7 67.5

Total weight (g) 17.37 18.53 20.55 17.35 19.00 20.56 17.38 18.76 20.63
17.34 18.76 20.43 17.29 18.99 20.64 17.42 19.04 20.65
17.44 18.63 20.47 17.45 18.87 20.65 17.49 19.05 20.66

Specimen weight (g) 15.30 16.45 18.47 15.28 16.94 18.49 15.36 16.69 18.57
15.23 16.74 18.34 15.21 16.95 18.57 15.35 16.95 18.57
15.36 16.58 18.40 15.37 16.80 18.59 15.43 169.5 18.59

Fig. 3  Stress–strain curves 
obtained by tensile tests

Table 3  Measured values of 
Ultimate Tensile Strength, 
Elongation at break and 
Young’s modulus

Orientation (°) 0  ± 45 90

Infill (%) 80 90 100 80 90 100 80 90 100

Tensile strength (MPa) 27.6 30.6 34.0 17.9 21.0 30.0 9.9 9.7 29.0
26.9 31.2 34.8 17.9 23.0 31.6 9.9 11.6 27.6
27.9 30.5 35.2 18.5 22.6 31.5 9.4 10.7 26.9

Elongation at break (%) 8.25 19.14 21.45 16.94 17.15 17.10 16.02 4.55 8.65
8.89 20.73 23.34 21.94 15.92 18.37 13.94 4.89 8.15

12.40 24.90 16.94 26.00 15.40 16.45 14.19 4.13 6.62
Young’s modulus (MPa) 697.3 657 712.2 391.4 534.5 629.8 297.3 445.3 720.8

632.5 718.7 723.1 370.9 553.6 669.5 285.5 464.5 779.2
691.3 700.7 795.9 381.0 526.0 615.0 280.8 504.2 684.0
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Examples of the fractured surfaces for the three different 
infill orientations are shown in (Fig. 4) for an infill density 
equal to 100%. It is possible to recognise the infill patterns 
and the exterior surface layers can be observed.

It is evident from (Fig. 4a) that the fracture surface is 
perpendicular to the raster orientation that is the same for 
both the inner and the contour lines. Despite the nominal 
infill density being 100%, it is possible to remark that empty 
regions between deposited lines are present. In (Fig. 4b), it is 
possible to remark that the fracture surface is parallel to the 
inner infill raster orientation and all the layers can be easily 
identified. The bottom layers are also clearly seen where the 
raster orientation is perpendicular to the fracture surface. For 
this orientation, it is still possible to identify empty regions 
between the deposited lines in the bottom layers. Figure 4c 
shows the fracture surface for + 45°/− 45º infill raster ori-
entation where the layers cannot be easily identified by the 
optical micrograph. It is also possible to see that the fracture 
surface is perpendicular to the raster orientation of contour 
lines and bottom layers as in the previous cases.

4  Discussion

The experimental results in (Table 3) show that the UTS and 
Young’s modulus of the specimens increase with the infill 
density. This finding is expected since the increase of infill 
density increases the amount of material withstanding the 
applied load. The relation between part weight and mechani-
cal resistance shows different trends depending on the inner 
disposition of the deposited material (Fig. 5) and then the 
orientation of the raster pattern.

Particularly, it is observed that the UTS of parts with 
pattern 0° is almost linearly proportional to the mass of 
the part, i.e., to the percentage of infill. In this case, the 
deposited tracks are loaded along their axes. Therefore, a 

change in the number of deposited tracks only determines 
a variation of the actual cross-section area of the specimen. 
Being the UTS estimated based on the nominal cross-section 
of the specimen (ISO/ASTM International, 2015), a linear 
relation can be observed between the calculated value and 
the measured mass. This consideration is supported by the 
observation of the fracture surface (Fig. 3a), which shows 
a transversal fracture of the deposited lines. A completely 
different trend is shown by specimens with infill at 90°. It is 
apparent that these parts show a sharp decrease of mechani-
cal resistance moving from 100 to 90% infill (Fig. 5). This 
result can be explained by the fact that the raster lines are 
normal to the load direction. As a consequence, when the 
infill percentage is less than 100%, the material continuity 
along the load direction is broken, as schematically shown 
in (Fig. 6). The mechanical resistance to the applied load is 
thus primarily offered by the external contour of the part, the 
mass of which is only a small portion of the specimen. This 
interpretation also justifies the small differences observed in 
(Fig. 5) moving from 90 to 80% of the infill density. It can 
also be observed that, as far as 100% infill is concerned, this 

Fig. 4  Optical micrograph of a typical fracture surface after tensile tests. a 0º infill orientation and 100% infill density; b 90º infill orientation 
and 100% infill density; c + 45/− 45º infill orientation and 100% infill density

Fig. 5  Relation between part mass and Ultimate tensile strength for 
different infill orientations
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group of specimens shows lower mechanical strength than 
those oriented at 0°. This result can be explained because the 
resistance of the infill generated with linear paths oriented at 
90° is determined by adhesive forces bonding adjacent raster 
lines that were deposited at the semi-molten state, which is 
considerably lower than the cohesive resistance of the full 
section withstanding the applied load [45].

In the case of infill + 45°/− 45°, the tensile strength is 
the result of a combination of adhesive and cohesive forces, 
as discussed by Croccolo et al. [45]. As shown in (Fig. 5), 
for each infill percentage, the UTS of these specimens is 
between those with infill at 90 and 0°. In this configuration 
each raster line is able to resist a portion of the applied force, 
namely the component along the axis line, also when  wa > 0 
(see Fig. 6). The fracture mechanisms of the specimens are 
characterised by complex phenomena. This can also be seen 
in (Fig. 4c), where the deposited lines appear weaved in the 
fracture region. A detailed investigation of internal phenom-
ena occurring in the material is out of the scope of this study.

In Fig. 7, the values of UTS are plotted as a function of 
the measured active energy for each infill strategy.

It is worth mentioning that the same mechanical prop-
erties can be achieved with significantly different energy 
consumptions depending on the deposition strategy. What 
stands out in this figure is that being the infill percentage 
equal, the 0° orientation allows for the achievement of the 
highest mechanical performances with the minimum energy 

consumption. The worst results are observed for orientation 
90°.

While a justification for mechanical properties has been 
given above, further analysis of the system energy effi-
ciency is necessary. This analysis is carried out under the 
assumption that the main contributions to the electrical con-
sumption of the equipment are made by the axes motors, 
the extruder motor and the heating system that includes 
the heating system of the chamber and the melting system. 
In other words, the energy consumed by the LCD display 
and other electronic parts is assumed to be negligible. This 
seems to be a realistic assertion since the power requirement 
of these devices is usually far below the measured values. 
The effect that the deposition path variables have on the 
energy consumption is investigated using Analysis Of Vari-
ance (ANOVA). This technique compares the distributions 
of populations in a given dataset to determine to what extent 
the output values are influenced by the independent variables 
of the experiment [56]. The analysis considered the effects 
of four parameters of the infill pattern on measured active 
energy which may be influential, namely:

• The total length of movements in the XY plane (Lxy);
• The number of movements in the XY plane (nxy);
• The percentage of movements in the XY plane carried 

out by using only one motor, i.e., parallelly to the X or 
the Y-axis, (p1m);

• The number of movements along the Z-axis (nz).

The total length of movements in the XY plane Lxy is 
expected to govern the building time. Besides, the number of 
movements nxy is considered since each movement requires a 
change of direction, which may result in additional printing 
time and energy. Whilst in general two motors are used for 
moving the extruder in the XY plane, movements parallel 
to the X or Y-axis require only one stepper motor. To under-
stand if this implies a saving on the total energy consump-
tion, the percentage of movements parallel to these axes p1m 
is included in the analysis. The movements along the Z-axis 
are carried out by the platform, the drives of which differ 
from those of the extruders. The number of movements 
along the Z-axis nz is included to assess their influence on 

Fig. 6  Schematical representa-
tion of the sagittal section of 
specimens with infill at 90°. 
a Infill density 100%; b Infill 
density < 100%

Fig. 7  Relation between energy consumption and tensile strength for 
patterns and infill densities
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the overall energy consumption. All the parameter values 
were calculated from the GrabCAD Print slicer and the 
Insight App code output.

The ANOVA was carried out by means of the statisti-
cal software Minitab. The confidence level adopted in the 
analysis was equal to 95%. Table 4 summarises the results of 
the ANOVA. The significance of the investigated values is 
also graphically shown in (Fig. 8), which displays the Pareto 
chart of standardised effects. This chart provides a dimen-
sionless representation of the magnitude and importance of 
effects aiding to understand the relative influence of each 
input variable [56].

Figure 8 shows that the total length (Lxy) and the number 
of paths (nxy) exceed the critical standard value, which is 
represented by a vertical dashed line in the Pareto chart. That 
is to say that the influence of these parameters on energy 
consumption is statistically significant. The same result can 
also be seen in (Table 4), which shows that the p-value of 
these factors is less than 0.05 [56]. Conversely, the number 
of movements carried out using only one motor does not 
appear to significantly affect the output. In other words, the 
influence of the change in electricity consumption due to the 
number of motors used for moving in the plane is negligible. 
Analogously, no statistical influence of the parameter nz is 
observed, i.e., the movements along the Z-axis seem irrel-
evant to the energy consumption. It must be stressed that 
these results are obtained from a limited number of experi-
ments. Particularly, only one geometry printed in different 
conditions has been investigated. Therefore, further research 
is necessary to generalise these findings.

The results of ANOVA allow for concluding that Lxy and 
nxy are the only variables affecting energy consumption. 
Interestingly, these factors are also the most relevant to the 
printing time (tb). In fact, expressing Lxy in mm and tb in 
seconds, the building time can be estimated through Eq. 1. 
This equation has an adjusted coefficient of determination 
R2 equal to 99.92%, which shows the high accuracy of the 
regression [56].

These results suggest that the effect of the infill strategy 
on energy consumption is mainly related to the differences in 

(1)
tb = 9.234 × 10

2
+ Lxy8.839 × 10

−3
+ nxy8.887 × 10

−2

the time needed to complete the printing process. This con-
clusion is also supported by (Fig. 9), in which the measured 
active energy values are plotted as a function of the actual 
building time. Looking at (Fig. 9), it is apparent that the 
energy consumption is linearly proportional to the building 
time. In greater detail, the plotted data can be interpolated 
through a line with a coefficient of determination R2 equal 
to 99.44%.

A possible explanation for this finding is that the heating 
of the build chamber accounts for most of the energy con-
sumption of the process. To validate this hypothesis, an esti-
mation of the electrical power needed to maintain the build 
chamber temperature was made by measuring the energy 
consumption during the standby mode of the printer. In this 
mode, the motors are not moving but the chamber is kept 
heated at 72 ºC. During the printing stage, the chamber tem-
perature rises to 76 ºC (for ABS). Thus an evaluation of the 
energy consumption for heating the chamber during printing 
can be calculated starting from mentioned measurements in 
the standby mode by applying a correction for the difference 

Table 4  ANOVA of measured active energy versus toolpath param-
eters

Source Degrees of freedom F-value P-value

Lxy 1 30.03 0.000
nxy 1 157.34 0.000
p1m 1 0.67 0.420
nz 1 1.04 0.319

Fig. 8  Pareto chart of standardised effects of toolpath parameters on 
active energy

Fig. 9  Building time versus active energy consumption
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between the temperature kept in the standby mode and in the 
printing mode. The calculated value of the average heating 
power was 451.3 W. The dashed line in (Fig. 9) represents 
the energy consumption associated with the need for the 
heated chamber. It is observed that the line runs approxi-
mately parallel to the measured active energy values. This 
supports the hypothesis that, in the scope of the investigated 
geometries, the time for which the building chamber is main-
tained at a high temperature is the main influential variable 
on the energy consumption of the process.

The error bars in (Fig. 9) show that the printing time is 
consistently repeatable, while some of the active energy val-
ues vary significantly around the average value. This result 
can also be observed by looking at the dispersion of data 
in Table 2. These differences can be in part due to the vari-
ability in the initial chamber heating phase. This phase is 
included in the active energy value since the measurement 
starts when the print job is launched. Nevertheless, the time 
span between two consecutive jobs can significantly affect 
the temperature from which the chamber heating starts and, 
consequently, the amount of energy necessary to reach 
the building temperature. This time interval between print 
jobs has not been controlled in this experiment, therefore 
its effect may be responsible for the observed variation of 
measured data. This is confirmed by the results presented in 
(Fig. 9), which demonstrate the prominent role of the heating 
phase in determining the total energy consumption. Based 
on these results, an important practical recommendation is 
to plan the FFF production so as to reduce as much as pos-
sible the inactive time between consecutive jobs, since this 
can strongly influence the energetic efficiency of the process. 
The active power consumed during the standby mode also 
suggests that this phase should be limited as it is responsible 
for substantial impacts. This argument is consistent with the 
findings of (Faludi et al. 2015). Nevertheless, the producer of 
the printer currently recommends maintaining the equipment 
in standby mode when inactive to ensure the best printing 
quality and extend the lifespan of the machine. Arguably, 
this need should be surpassed in future machine designs to 
improve the sustainability of the process.

As discussed in the introduction, several studies have 
been published examining the environmental, economic 
and social impacts of AM [59]. This research interest led to 
the definition of a considerable number of indices quantify-
ing the process sustainability [60]. These indicators can be 
used to provide a detailed description of the manufacturing 
impacts but do not allow a univocal determination of the 
most convenient among different solutions. In particular, 
they cannot be applied to select the less impactful infill pat-
tern in FFF. Therefore, a new dimensionless Sustainability 
Index (SI) is proposed here to make this decision-making 
activity easier for designers.

The sustainability of AM processes is known to depend 
mainly on the equipment, material and energy consumption 
[14, 61, 62]. Whilst equipment is assumed to be fixed, both 
material and energy consumption are strongly affected by 
the infill strategy, as discussed above. It has been shown by 
previous studies that the material has a considerable effect 
on the overall impacts of FFF [63, 64]. The material saving 
achieved through the infill strategy is considered in the pro-
posed SI through the difference ( ΔV  ) between the nominal 
volume of the part (VN) and the volume of the deposited 
material. The latter is obtained from the actual printed mass 
of the part, M, divided by the nominal material density, � . 
The SI is directly proportional to the material saving ( ΔV  , 
measured in  m3).

The importance to reduce the energy consumption of AM 
processes has been exhaustively discussed in the literature 
[18, 61, 65]. Therefore, the SI is inversely proportional to 
the active energy (EA, measured in J).

The infill pattern must also be chosen considering the 
mechanical properties of manufactured parts. Particularly, 
one of the primary objectives is to maximise the stiffness of 
manufactured parts [39, 66]. Accordingly, the SI is directly 
proportional to Young’s modulus (E, measured in MPa).

Based on these considerations, the proposed adimen-
sional SI is calculated according to Eq. 2:

By observing Eq.  (2), it can be seen that the index 
increases if the stiffness of the piece increases but decreases 
if energy and material consumption increases. This is in line 
with the considerations on the impacts of the FFF process 
exposed above.

In the present study, the nominal volume VN is equal to 
18.368  cm3, the mass of each printed part is measured (see 
Tab. 2), and the nominal material density is � = 1.05 g/cm3, 
as indicated by the producer [67].

(2)SI =
E

EA

× ΔV =
E

EA

×

(

VN −
M

�

)

Fig. 10  Relation between sustainability index and tensile strength for 
different patterns and infill densities
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Figure 10 shows the SI values as a function of the UTS 
of the part.

As can be observed, the highest SI values are obtained 
when the orientation of the infill is 0º and the lowest values 
for an orientation equal to 90º. This result is mainly driven 
by the highest mechanical properties and the lower building 
time of those specimens with infill 0°.

An interesting result can be observed when the orienta-
tion is 0º because the index increases when the infill density 
decreases, although this means lower values of the mechani-
cal resistance of the piece. The same trend is observed for 
the other orientations, even if a different slope of the curve 
is observed. This can be once again explained by considering 
the different relations between mechanical resistance and 
building time outlined in previous paragraphs. The SI could 
be used in a real design scenario to select the most sustain-
able solution among those satisfying the mechanical require-
ments of the application. Particularly, the tensile strength 
imposed by the design can be represented as a vertical line 
in (Fig. 10). Among the solutions lying on the right of this 
line, the one with the highest value of SI should be pre-
ferred. This approach allows for easily identifying the solu-
tion which minimises the material and energy consumption 
while achieving design requirements in terms of mechanical 
resistance. From these results, it seems possible to find a 
certain trade-off that could improve the sustainability of the 
production by using less material and energy if it is accepta-
ble in terms of the mechanical properties of the printed part.

5  Conclusion

The experimental findings of this study pointed out that the 
production of parts through professional FFF equipment suf-
fers from relevant energy consumption and emphasised the 
need for a decision-making approach to reduce its impact. 
For this purpose, an experimental campaign was carried out 
by printing several samples with different strategies. The 
energy consumption and mechanical performance were 
measured.

It was found that most of the electrical power is spent to 
heat the build chamber. In addition, a conspicuous waste of 
energy was observed when the machine is not printing, i.e., 
in standby mode, because the chamber is maintained at high 
temperatures. As a result, this study suggests the need for 
new technical solutions able to reduce the use of electricity 
when not working. The presented evidence also indicates 
that careful planning of jobs is crucial to limit the impacts 
of the process.

The results obtained from tensile tests carried out in 
this study confirm that the mechanical properties of parts 
produced through FFF largely depend on the infill strate-
gies adopted for hatching, but in particular, a prominent 

role of the infill orientation was observed. It was also 
found that the hatching strategy governs the building time 
and, as a consequence, the heating energy.

Statistical analysis was carried out to relate the hatching 
path to the building time. The results demonstrated that the 
print duration is closely related to the total length of the 
hatching path and the number of deposited lines. This find-
ing is of great relevance to guiding the selection of infill 
strategy toward a reduction of energy consumption. This 
result can be used to extend to more complex geometries 
the conclusions drawn in this study. As demonstrated by 
the experiments, this is crucial when industrial machines 
with heated chambers are used for printing.

The weight measurements performed on specimens 
demonstrated that the infill strategy has a considerable 
influence also on the amount of deposited material, which 
was demonstrated by previous literature to be crucial to 
FFF sustainability. Furthermore, the results of this study 
show that the total amount of material is largely influenced 
by the presence of support layers. This influence becomes 
even more relevant in the case of small parts with complex 
geometry.

Overall, the findings of this study highlight the pivotal 
role of the infill strategy as far as mechanical properties 
of parts, energy and material consumption are concerned. 
The presented results suggest that these aspects must be 
carefully considered when choosing the infill strategy, part 
orientation and design. To support this decision-making 
process, a novel dimensionless index that comprises infor-
mation on material and energy consumption, and mechani-
cal properties was proposed. It was found that this index 
allows for easy comparison among different alternative 
solutions. Particularly, the application to the investigated 
specimens demonstrated that hatching orientation at 0° is 
preferable due to higher mechanical properties and lower 
building time. The index can be used to guide the FFF 
planning toward more sustainable use of resources.

The findings of this research are significant in at least 
two main aspects. First, practical recommendations for 
users and developers of FFF were obtained based on more 
in-depth insight into energy and material consumption, 
and mechanical performances. Second, the novel index 
proposed in this study allows for easily comparing differ-
ent solutions considering both mechanical and environ-
mental performances.
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