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Abstract

Additive Manufacturing (AM) techniques enable the layer-wise fabrication of complex shapes without the need for specific
production tools, reducing the economic lot size to the single unit and allowing the mass customization. Besides the
technological drivers pushing AM towards several industrial applications, the energy efficiency and the time/cost
performance in comparison to more conventional manufacturing processes are still to be investigated. This research
focuses on the Fused Deposition Modelling (FDM) process for the production of components made either of ABS or PC-
ABS. The impact of the main variables (such as the layer thickness and the infill strategy) on the process time and the
energy consumption was analysed while considering the FDM unit-process. Empirical predictive models correlating the
energy efficiency with the main process variables are proposed in this paper. The results confirm that the Specific Energy
Consumption approach already applied to other manufacturing unit-processes can be successfully extended to FDM.
Moreover, the increase in the average Deposition Rate, which is related to the deposition path, appears to be a strategy
for the reduction of the specific printing energy. Such experimental evidence might suggest further energy-conscious
improvements in the design of AM processes and equipment.

Keywords: Sustainable manufacturing; 3D printing; Deposition rate; Energy efficiency.



1. Introduction and motivation

Additive Manufacturing (AM) processes allow the layer-by-layer fabrication of components made either of metal or plastic
materials, starting from a three-dimensional CAD model and without any additional tool [1]. One of the main disruptive
advantages brought to the manufacturing sector is related to the design freedom and the part complexity that can be
achieved, together with the opportunity of using multi-materials with multi-functional properties [2]. Also, the re-design for
AM, allowing the topological optimization of structural parts, provides significant benefits towards light-weighting [3, 4]. AM
processes are applied in several industrial contexts, such as aerospace, automotive, biomedical applications, digital art,
and architectural design, because of the wide variability of technological solutions [5]. The Additive Manufacturing of metal
parts is under the spotlight, and the polymer-based processes have already proved to be cost-effective and competitive
with respect to the conventional ones [6, 7], particularly if optimization of the process parameters is carried out to guarantee
satisfactory mechanical properties [8]. Among the AM techniques to produce plastic parts, the material extrusion process
patented by Stratasys as Fused Deposition Modelling (FDM) is widely used for the equipment simplicity, the low costs, and
the capability to process different materials, even if nano-reinforced [9] or characterized by a high melting point (as PEEK
[10]).

Two crucial issues for the additive manufacturing techniques are the high energy demand and low productivity, especially
in comparison with subtractive and bulk processes [11-14]. The Specific Energy Consumption (SEC) model, introduced by
Kara and Li [15, 16] when characterizing subtractive unit-processes, has proved to be applicable also to the additive
manufacturing context to quantify the energy efficiency in material deposition (i.e., by assuming a unit mass of deposited
material as the functional unit). Many authors focused on the determination of the SEC for the main AM technologies. In
particular, wide variability in the SEC data concerning Fused Deposition Modelling (FDM) processes is available in the
literature, as summarized in Table 1. Luo et al. [17] studied the FDM process when printing ABS components and compared
the energy efficiency of different Stratasys machines (namely: FDM 1650, FDM 2000, FDM 8000 and FDM Quantum). The
Stratasys FDM 8000 allowed the lowest SEC value and the authors demonstrated, for the first time, the correlation between
the SEC value and the FDM machine architecture. The SEC data in [17] were also referenced in further researches [11,
12, 18, 19]. Mognol et al. [20] analysed the achievable reduction in the overall energy consumption of FDM by changing
the orientation of the 3D-printed component inside the build chamber. The machine was a Stratasys FDM 3000, with a
mean operational power of 570 W, and the printed material was ABS. The quantity of material needed for the support
structures (which, in turn, depends on the part orientation) was found to be the main driver on the energy demand, whereas
the height of the printed component appeared to be of secondary importance. The paper of Mognol et al. [20] was one of
the first studies concerning sustainability and the energy efficiency of the FDM process and was used as a life cycle
inventory source for subsequent works [11, 19, 21].

Baumers et al. [22] performed experimental trials on different AM processes and studied the influence of the build capacity
utilization on the energy efficiency of the machine (and, therefore, on the SEC value). Focusing on the FDM process, a
Stratasys FDM 400mc machine was used to produce parts made of polycarbonate. A slight variation in the SEC value was
noticed when using the FDM machine for a single part production or at its full capacity utilization. This evidence was traced
back to the low power demand of the warm-up phase and the absence of an energy-demanding cool-down phase. Under
the same process configurations, the research highlighted much more significant differences in the SEC values for the
metal deposition processes. The results for FDM by Baumers et al. [22] were also recalled in [11, 12, 19, 23]. Some authors
[14, 19, 24] focused on the characterization of the power profile for different machines (i.e., Stratasys Dimension SST 1200
es, Stratasys Dimension SST and Makerbot Replicator 2x) and identified the contributions to the total energy demand due
to the main sub-phases of the FDM process. In particular, Yosofi et al. [19] studied the correlation between the SEC
parameter and the component geometry. Components with a higher Z-height were found to have a higher SEC, because
of the higher build time. Yosofi et al. [25] proposed a multi-criteria evaluative approach to compare the performance of five
different FDM machines (i.e., MakerBot Replicator 2x, 3D Systems RapMan 3.2, Stratasys Mojo, HP Designjet 3D and
Stratasys Dimension Elite) under the technical, economic, and environmental perspective. Roughness, costs, water and
energy consumption as well as the material flows were quantified. As far as the energy efficiency is concerned, the data



consumption (MJ) and the deposited mass (kg).

reported in Table 1 were further elaborated from the literature to compute the SEC factors as the ratio between the energy

Table 1. SEC data available in the literature for the Fused Deposition Modelling (FDM) process.
The values marked with *’ have been computed and adapted by the authors of the present paper.

Machine Material Mean operational power (W) | SEC (MJ/kg) Reference(s)
Stratasys FDM 1650 ABS 1320 1247 [11, 12 ,17-19]
Stratasys FDM 2000 ABS 2200 416 [11, 12, 17-19]
Stratasys FDM 8000 ABS 2200 83 [11, 12, 17-19]
Stratasys FDM Quantum ABS 11000 589 [11, 12, 17-19]
Stratasys FDM 3000 ABS 570 228 - 447 * [11, 19-21]
Stratasys FDM 400mc (Single part) PC 2450 536 [11, 12, 19, 22, 23]
Stratasys FDM 400mc (Full build) PC 2450 519 [11, 22, 23]
Stratasys Dimension SST 1200es ABS 580 171 - 219 [12, 14, 19]
Stratasys Dimension 768 SST ABS P400 1100 689 [11, 12, 19]
Stratasys Dimension SST n.a. 1100 n.a. [11, 24]
Makerbot Replicator 2x ABS 125 * 28 - 47 [19]

MakerBot Replicator 2x ABS 125 * 23 * [19, 25]

3D Systems RapMan 3.2 ABS n.a. 19 * [25]

Stratasys Mojo ABS n.a. 40 * [25]

HP Designjet 3D ABS n.a. 77 * [25]

Stratasys Dimension Elite ABS n.a. 127 * [25]

The SEC values listed in Table 1 differ by one (or even two) order of magnitude. This evidence underlines a huge variability
in the energy efficiency performance of different systems and architectures of the machines (some of which are devoted
to industrial use, whilst others are for a semi-professional use). Regarding the state-of-the-art literature, some knowledge
gaps can be identified. First, the role of the FDM machine architecture on Specific Energy Consumption is not clearly
defined. Second, the effects of (i) the printed material, (ii) the main process parameters (such as the layer thickness, the
infill strategy, the position of the part on the build table), (iii) the geometrical complexity of the part on the process energy
efficiency are still to be investigated. The paper aims to fulfil the above-listed knowledge gaps and to define a correlation
between the main process variables and the energy efficiency in FDM processes. Experimental tests were designed and
performed using a Stratasys F370 machine. The methodological approach and the rationale behind the chosen ranges of
process parameters are detailed in Section 2. The results in terms of material flows, electric energy consumption and
process time are presented in Section 3. Empirical models for the Specific Printing Energy (SPE) and the Specific Energy
Consumption (SEC) of the process while varying the average Deposition Rate are proposed and discussed in Section 4.
The conclusions are summarized in Section 5.



2. Materials and methods

Six components characterized by a different geometrical complexity were identified (as shown in Figure 1) while taking into
account the typical features that can be industrially produced with respect to the capabilities of the FDM process. In
particular, the component labelled with ‘A’ is a basket with a complex, thin and branched structure which is difficult to
produce by means of manufacturing routes such as injection molding or machining. The components ‘B’ and ‘C’ are
brackets that were re-designed for AM by using topological optimization procedures. The components ‘D’, ‘E’ and ‘F’ are
simple and massive geometries with different surface-to-volume ratios, that could still be suitable for AM, especially for
production volumes tending towards the single-part production [6]. The volume enclosed into the surfaces of the STL file
and the maximum dimensions of the parallelepiped enveloping each component are listed in Table 2.

Component ID: A (Basket) Component ID: B (Bracket #1) Component ID: C (Bracket #2)

50 mm y@,* 20 mm y@x 20 mm y& X

Component ID: E (Flange) Component ID: F (Baseplate)

20 mm V¢, X 30 mm

Figure 1. Selected components.

30 mm w3

Table 2. Geometrical specifications for each component.

Component D Com3ponent volume, STL file Maximum dimensions
(mm?) (mm x mm x mm)
Basket A 23.34 x 10° 153.9 x 155.1 x 50.7
Bracket #1 B 14.80 x 10° 32.1x131.1x27.9
Bracket #2 C 19.46 x 10° 41.1 x 132.3 x 29.1
Support D 15.80 x 10° 51.3x76.5x 21.3
Flange E 54.48 x 10° 141.3 x 123.9 x 33.3
Baseplate F 84.09 x 10° 161.1 x 161.1 x 10.5

The components were produced in ABS or PC-ABS by means of a Stratasys F370 FDM machine (Figure 2). The support
structures were built by using the Stratasys QSR proprietary material. Version 1.22 of the GrabCAD Print software by
Stratasys was used to slice the STL models of the components and generate the printing paths and code. Two different
layer thicknesses of 0.178 mm and 0.330 mm were selected. Once chosen, the thickness was fixed and constant for all
the layers. Within the GrabCAD Print software, three different infill strategies (namely: the so-called ‘solid’, S, ‘sparse high-
density’, HD, and ‘sparse low-density’, LD) were selected for the slicing of the parts. The ‘solid’ (S) strategy provides the
highest density (with infill lines that touch each other) and the lowest porosity. It is generally used for structural components
and implies high material consumption and long printing time. Conversely, in the ‘sparse low-density’ (LD) strategy, the



infill lines are widely spaced (about 2 mm) to allow for material savings and shorter printing times. The ‘sparse high-density’
(HD) strategy provides an intermediate result if compared to the previous ones. The infill lines are rather close (about 2
lines every millimeter), but not as much as in the solid case (Figure 3).
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Figure 2. Experimental setup (a) and additively manufactured components (b).

Sparse low-density (LD) Sparse high-density (HD) Solid (S)

/

Figure 3. Different infill strategies within the GrabCAD Print software for a simple cube.



Among all the possible combinations of geometries and process parameters, a subset of experimental tests was identified
to achieve a wide variation in the average Deposition Rate (which was preliminarily simulated by means of the GrabCAD
Print software), with the aim of investigating its effects on Specific Energy Consumption (SEC) and Specific Printing Energy
(SPE). In addition, to better highlight the correlation between the process parameters and the measured outcomes, a full
factorial plan was designed for the experiments concerning the ‘E’ component. The (i) layer thickness (0.178 mm or 0.330
mm), the (i) infill strategy (S, HD or LD) and the (iii) component material (ABS or PC-ABS) were the three considered
factors. Among the other components, the Flange (‘E’) was chosen since the high number of layers with large areas allowed
the GrabCAD Print software to significantly diversify the extrusion path while changing the process parameters. All the
tests were run by setting the machine in the so-called ‘eco-mode’, in which the temperature of the build chamber is cooled
down to the room temperature at the end of the job. The jobs were randomly located onto the build plate, and a purge part
was produced in each job to guarantee the cleaning of the extruders and, hence, the quality of manufactured components
and support structures. The ‘last swap’ option was chosen to reduce the material consumption. Under this configuration,
the height of the purge part corresponds to the height of the last layer in which there is an alternate deposition of materials
of which component and support structures are made of. The main process parameters and the material properties are
listed in Table 3. The build chamber was heated up to 90°C and 95°C for ABS and PC-ABS, respectively. The extrusion
temperature of PC-ABS was 30°C higher than that of ABS, due to the different rheological properties of each material. A
slight difference in the specific gravity of PC-ABS and ABS was found in the datasheet of the build materials [26, 27]. This
implied that, for a fixed volume of the produced component, slight differences were expected in the part weight. The soluble
QSR material by Stratasys for support structures was extruded at 265°C during printing and kept at 170°C when the
extruder was not in use. The QSR material was then dissolved by immersing the printed job in a solution of 600 g of sodium

hydroxide in 40 | of water at 70°C for 8 hours.

Table 3. Process parameters and main characteristics for Stratasys ABS [26] and PC-ABS [27] materials.

Parameter

Stratasys ABSplus-P430

Stratasys PC-ABS

Chamber temperature

90°C

95°C

Extrusion temperature

255°C (Printing);
190°C (Not in use)

285°C (Printing);
190°C (Not in use)

Specific gravity (ASTM D792) 1.04 1.10
Tensile strength (ASTM D638) 33 MPa 41 MPa
Tensile modulus (ASTM D638) 2200 MPa 1900 MPa
Tensile elongation at break (ASTM D638) 8% 6%

Heat Deflection Temperature (HDT) @ 66 psi (ASTM D648) 96°C 110°C
Heat Deflection Temperature (HDT) @ 264 psi (ASTM D648) 82°C 96°C
Vicat softening temperature Not available 112°C
Glass transition temperature 108°C 125°C

Coefficient of thermal expansion

8.82-10°° mm/mm/°C

7.38-10° mm/mm/°C

2.1. Methodology

The methodology applied in the present research is schematized in Figure 4. The FDM process time was measured during
each test. All the profiles of current, voltage, power and energy were acquired by using a Fluke 435 Series Il analyzer. The
mass of each printed job was weighted (after and before the dissolution of the QSR support material) by means of a
Gibertini 1000HR-CM balance with a resolution of 0.01 g. The masses of components, support structures, and purge parts
were guantified. Then, data were analyzed to compute the average Deposition Rate, the Specific Energy Consumption
(SEC) and the Specific Printing Energy (SPE, that is, the SEC during the deposition phase only). The results are presented
and discussed in the following while focusing on the effects of the main input variables on the process outcomes. Moreover,

empirical models correlating SEC and SPE with the average Deposition Rate were proposed and validated afterwards.
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Figure 4. Flowchart highlighting the applied methodology.

3. Results

The experimental results regarding the electric energy consumption and the masses of the printed components are
presented in the sub-sections 3.1 and 3.2, respectively.

3.1. Electric energy consumption

The power demand of the Stratasys F370 FDM machine was analyzed per each printed component in order to quantify
the electric energy consumption. Figure 5 plots an example of the current profile as a function of the process time (from
the switch-on of the machine until the end of the job) when additively manufacturing (in ABS) the component labelled as
‘Bracket #2’ in Figure 1. Some of the most significant regions of the current profile are highlighted by means of a detailed
view. Five main process phases were identified: (1) switch-on; (2) idle #1; (3) heating and calibration; (4) printing; (5) idle
#2. In the ‘switch-on’ phase ('1’), the machine is powered and goes into its stand-by mode. The variations in the current
profile in Figure 5 are due to the switching on of the electronic parts as well as the initial calibration of axes and the heating
system. In the ‘idle #1’ phase (‘2’) the machine is waiting for the upload of the file containing the information regarding the
job (such as the build material and the extruders’ path) and the command of the operator to start the 3D printing process.
This phase is characterized by a constant power demand of 30 W, and its duration hinges on the operator. In the ‘heating
and calibration’ phase (‘3’) the machine heats the chamber up to the process temperature, which in turn depends on the
kind of material being printed. The power demand is almost constant during the entire phase. However, once the
temperature of the build chamber is close to the target one for the given material, the heating system is powered by using
a duty cycle. In addition, at the same time, the calibration of the axes (for extruders and table jog) starts, together with the
heating of the extruders to the printing temperature. In the ‘printing’ phase (‘4’) the component and its support structures
are deposited. The first layers are used to create the base to attach the build to the table of the machine. In this earlier
sub-phase, the heating system of the chamber is continuously powered. The phase ‘4’ is characterized by a typical duty
cycle, as detailed in Figure 5, and the energy consumption is mainly due to the chamber heating. The duration of the
printing phase depends on the dimensions and on the complexity of the job. The ‘idle #2’ (‘5’) phase starts when the last
layer of the build is completed. Then, the build chamber is kept at the process temperature, until the machine receives a
command from the operator who confirms that the job is removed from the table. After that command, the machine returns
into its stand-by mode. The differences in maximum and minimum values of the duty cycles of phase ‘4’ and phase ‘5,
which are highlighted by a detailed view in Figure 5, also allow quantifying the contribution to the total power demand due
to the heating of the extruders, the axes jog and the wire supply feeders. Such a contribution is proved to be small in

comparison to the one of the chamber heating system.



Component: C (Bracket #2); Material: ABS; Layer thickness: 0.178 mm,; Infill strategy: Sparse low-density (LD)
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Figure 5. Data acquisition and identification of the main process phases.
Table 4. Contributions to process time and electric energy consumption due to the non-printing phases.
Process time (min) Energy consumption (Wh)
Phase
Average Range Average Range
(1) switch-on 3.2 [3.1-3.6] 5.4 [5.2-5.6]
(2) idle #1 15 [1.0 - 2.0] 0.9 [0.6-1.2]
(3) heating and calibration ABS: 23.0 ABS: [20.9 - 24.4] ABS: 319.1 ABS: [287.8 - 340.2]
9 PC-ABS: 25.8 PC-ABS: [25.2 — 26.6] PC-ABS: 356.3 PC-ABS: [349.5 - 370.9]
(5) idle #2 15 [1.0-2.0] 11.9 [7.9-15.9]

The process time and the electric energy consumption were quantified per each job and each process phase. The only
phase which is dependent on the component being manufactured is the ‘printing’ phase (‘4’). The contributions due to the
phases labelled in Figure 5 with the numbers ‘1’, ‘2’, ‘3’ and ‘5’ can be assumed to be constant. The duration and the
energy demand of the ‘heating and calibration’ phase (‘3’) are a function of the printed material (i.e., ABS or PC-ABS),
because of the differences in the operating temperature of the build chamber (as detailed in Table 3). Moreover, the phases
‘2" and ‘5’ rely on the operator, who has to provide the FDM machine a manual command to proceed. In the present
research, a constant time of 1.5 (£ 0.5) min was considered for both these phases, on the basis of the experimental
evidence. The average contributions of the non-printing phases are listed in Table 4, together with the minimum-maximum
ranges, including all the experimental measurements. The total process time and the electric energy consumption results
for all the experimental tests are summarized in Figure 6.
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Figure 6. Process time (left) and energy consumption (right) results.
3.2. Masses

The measured masses of each produced job are reported in Figure 7. The results are presented by separating the
contributions of the component material and the QSR material to the total mass, including the amount due to the purge
part. It might be noticed that the mass of the support structures (i) does not vary while changing the deposited material
(i.e., ABS or PC-ABS) or the infill strategy (i.e., S, HD or LD); (ii) is affected by the layer thickness; (iii) increases while
increasing the geometrical complexity of the component and its plan projection. As a matter of fact, the component ‘A’
requires structures to support the branched geometry for more than 80% of the total job weight, whereas the component
‘F’, despite its reduced complexity, needs a significant amount of support material (higher than 40% of the total weight) to
create the large base. The masses of the ABS components are not always lower than those of the PC-ABS ones (as shown
in Figure 7), even when adopting the same infill strategy and layer thickness to produce the same geometry. Such
differences can be traced back to the deposition path of the extruders. For the sake of clarity, Figure 8 compares (for both
the ABS or PC-ABS materials) some deposition paths for the component ‘B’. The deposition paths for the QSR material
(drawn in yellow color) do not change while varying the process parameters. Conversely, once the (LD, HD or S) infill
strategy is chosen, the GrabCAD Print software computes, for the same layer, different paths for ABS or PC-ABS (drawn
in green color). Such a difference is much more evident for the ‘LD’ infill strategy, while the extruders’ paths become
comparable when a denser infill strategy is selected. As far as the results for the component ‘E’ are concerned: (i) when
the ‘S’ infill strategy is adopted, the mass of the PC-ABS part is higher than that of the ABS one, for both the layer
thicknesses, according to the slight differences in the specific material densities; (ii) when the ‘LD’ infill strategy is
implemented, the mass of the ABS parts is higher for both the layer thicknesses, due to the tightened deposition path
elaborated by the software of the machine. Overall, the final mass of a printed component depends on the extruders’ paths,
which in turn are influenced by the layer thickness, infill strategy and kind of deposited material.
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Figure 7. Masses of the printed materials per each job.
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Figure 8. Infill strategies as a function of the component material.



4. Discussion

The assessment of energy consumption and resource efficiency in manufacturing can be performed at different system
levels [28]. Focusing on the unit-process level, the modelling methods are usually classified into black-box approaches
and bottom-up approaches. The former correlate the input process parameters empirically with an output, such as the
energy consumption of the machine. The latter fractionate the output into the contributions due to the machine states or
components [29]. In this section, the contributions to the total electric energy demand of the FDM machine are discussed,

and empirical models are proposed.

4.1. Energy demand of FDM

The electric energy consumption and the total process time (Figure 6), can be obtained by adding the contributions of the
printing phase to those of the non-printing phases. As above mentioned, the phases labelled in Section 3.1 with the
numbers ‘1’, ‘2’, ‘3’ and ‘5’ are not related with the component geometry, the process parameters or the deposited material
(with the sole exception of the phase ‘3’, in which the measured differences can be traced back to the different temperatures
of the build chamber when printing ABS instead of PC-ABS). Their contributions, even if affected by a limited experimental
variability, can be modelled as a constant, for a given material to be deposited (according to Figure 6). Vice versa, the
contribution due to the printing phase (labelled with the number ‘4’) varies while changing the component being printed as
well as the process parameters. All the experimental results highlight a linear correlation between the energy demand for
the printing phase (E4, in MJ) and the build time (t4, in min), as shown in Figure 9. As a matter of fact, the acquired profile
of the power demand versus the printing time for the Stratasys F370 machine shows a typical duty cycle (as displayed by
the current profile plotted in Figure 5), which can be approximated by means of constant average power demand.

Therefore, the higher the printing time is, the higher the energy consumption.
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Overall, the total electric energy consumption of the FDM process (E M, in MJ) can be computed by summing all the i-th
constant and variable contributions of each phase, according to Equation 1. The values of the ‘a’ coefficient were calculated
by means of MATLAB R2019a software, and are listed in Table 5. The ‘a’ value when printing the PC-ABS material is
slightly higher than that for ABS, and this is due to the different extrusion temperatures (declared in Table 3).

EFPM = Ziszl E; = Econstant T E4 = Econstant T @ * Ly (@8]

Table 5. Values of the ‘a’ coefficient. The regression model is E; (MJ) = a-t, (min).

Set of data a (MJ/min) [95% confidence bounds] R?

Components printed in ABS 2.89-102 [2.84:10%?, 2.94:107] 0.99
Components printed in PC-ABS 3.03-102 [2.99:10%2, 3.07-:107] 0.99
All the printed components 2.96-102 [2.92:10%2, 3.00-107] 0.99

4.2. Effects of process parameters on energy consumption

This section analyses the influence of process parameters (such as the layer thickness, the infill strategy and the kind of
deposited material) on the achieved results for the component ‘E’ (i.e., the flange). Figure 10 shows graphically the main
effects of the process parameters on the printing energy (black lines) and time (green lines). All the investigated levels of
process parameters affect the response in terms of time and energy. The steeper slope for the layer thickness compared
to the infill strategy and material indicates a greater effect. As expected, the energy demand for the printing phase (E4) and
the time (t4) significantly decrease when the layer thickness increases from 0.178 mm to 0.330 mm. A thinner layer
thickness means a greater number of layers to be deposited. Therefore, as the number of layers increases, the total length
of the extruder path increases; consequently, the time for the printing phase (ts) increases, together with the related energy
consumption. On the other hand, the total length path also depends on the infill strategy. LD corresponds to a shorter path,
therefore, lower energy and time are required for the printing. The analysis of material effect confirms that the machine
software differently manages the two materials (as shown in Figure 8).
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Figure 10. Main effect plot for the energy demand for printing and the build time.

Similar considerations can be drawn by analyzing the variation of energy and time as a function of the total mass of the
deposited materials, including component, support structures, and purged filaments (Figure 11). As far as the power
demand when printing is concerned, negligible differences can be noticed when the extruder is depositing the material of
the component or the QSR material of the support structures. Therefore, the total deposited mass (miwt) is considered in
the following discussion. As previously noticed, for fixed layer thickness, the process time and the energy demand increase

when a denser infill strategy is chosen (i.e., when shifting from a ‘low density’ to a ‘solid dense’ component). Such



differences are less significant for the layer thickness of 0.330 mm, as the number of layers decreases. A reduction in time
and energy demand for the components made of PC-ABS can be noticed for a layer thickness of 0.178 mm, despite the
higher process temperatures which are requested by the material (Table 3), while the results for a lower number of layers

(i.e., for a layer thickness of 0.330 mm) are comparable.
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Figure 11. Effect of process parameters on build time (a) and energy demand for printing (b).

4.3. Empirical models for energy consumption

As far as the printing phase (previously labelled with the number ‘4’) is considered, a Specific Printing Energy (SPE, in
MJ/kg) can be defined, for the purposes of the present research, as the ratio between the electric energy consumption for
printing (E4, in MJ) and the total mass of the deposited materials (muwt, in kg, which includes the masses of component,
support structures and purge part). Moreover, an average Deposition Rate (DRa, in kg/min) can be quantified as the ratio
between miot (in kg) and the printing time (t4, in min). All the experimental results showing the correlation between the so-

defined variables are plotted in Figure 12.
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Figure 12. Specific Printing Energy (SPE) versus average Deposition Rate (DR,).

The SPE values decrease when the DRa increases. The here-defined average Deposition Rate (DRa) can be seen as a
proxy of the efficiency in material deposition relative to the build time. For a given mass of material to be deposited, the
higher the DRa is, the lower the deposition time. The DRa for the Stratasys F370 FDM machine represents a holistic

measure of the complexity of the deposition path, which in turn depends on the chosen process parameters, the material



to be deposited and the component shape. In fact, with respect to the results concerning the component ‘E’ (i.e., the
flange), the DRa has experimentally proved to increase (i) when increasing the layer thickness, (ii) when choosing an infill
strategy towards a ‘solid dense’ part, (iii) when using PC-ABS instead of ABS. An analysis performed by means of MATLAB
R2019a software revealed that a hyperbolic curve provides the best fit of the results plotted in Figure 12, according to the

empirical model proposed in Equation 2.
SPE = Co + — 2
~ 0 T bR, (2

Table 6. Values of the ‘Cy’ and ‘C,’ coefficients. The regression model is SPE (MJ/kg) = Co + C; / DR, (kg/min).

Set of data Co (MJ/kg) [95% confidence bounds] | Ci (MJ/min)  [95% confidence bounds] R?

Components printed in ABS 4.18 [0.00, 9.64] 2.92:102 [2.81-10%?, 3.04-107] 0.99
Components printed in PC-ABS 5.07 [0.69, 9.44] 3.04-102 [2.94-10%?, 3.13-107] 0.99
All the printed components 4.81 [0.90, 8.73] 2.97-102 [2.89:10%, 3.06-107] 0.99

The Co and C: coefficients are listed in Table 6, while considering different sets of data. Co (in MJ/kg) is a constant not
related with the deposition time, and is representative of a fixed Specific Energy Consumption that has to be included
independently from the value of the DRa. The energy consumption due to the Co term increases linearly when the mass to
be deposited increases. Ci (in MJ/min) quantifies the constant power rate due to the energy consumption of equipment
such as the heating system of the build chamber, extruders’ heaters, electronic control, fan, et cetera. Therefore, Ci is
mainly linked to the architecture of the machine. Moreover, despite the small numerical differences due to the printed
materials, Equation 2 can be applied to characterize the FDM machine, since the R? value of the model regarding all the
experimental data is higher than 0.99. Overall, the total electric energy consumption of the FDM process (E M, in MJ) can

also be computed according to Equation 3,
c
EFDM = Econstant + SPE - Myor = Econstant + (CO + D_Rla) * Mot (3)

where mut (in kg) is the total mass of material (for the component, support structures and purge part) to be deposited. It is
worth remarking that the same modelling approach can be used while extending the analysis to the entire FDM unit-process
(i.e., including both the printing and the non-printing phases), as shown in Figure 13.
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Figure 13. An example of the application of the model to the entire FDM process (including productive and non-productive times).



4.4. Model validation

In order to validate the above-proposed equations, the same amounts of material characterizing the component ‘A’ (i.e.,
the basket) were deposited by producing, in the same job, two cubes made of PC-ABS and QSR having dimensions of
29.2 x 29.2 x 29.2 mm? and 48.9 x 48.9 x 48.9 mm3, respectively. The total deposited mass (mwt, including the purge part)
was 149.5 g. The process time and the energy consumption were measured, and the results are summarized in Figure 14.
The printing time (t4) was 301 min (5.01 h), coherently with the expected time of 311 min obtained by means of a simulation
preliminarily performed by the GrabCAD Print software. Therefore, the average Deposition Rate (DRa = Mot / ta) was
computed to be 4.97-10* kg/min. The Specific Printing Energy (SPE) of the deposition phase can be quantified by using
Equation 2. If the average coefficients Co and C:1 for PC-ABS (equal to 5.07 MJ/kg and 3.04-10-2 MJ/min, respectively) are
applied, the SPE is 66.2 MJ/kg and the resultant electric energy consumption for the printing phase (Ea) is 9.90 MJ. The
difference between the so-computed value and the measured value of 9.47 MJ (2.63 kWh) is below the 5% of the total.
Moreover, E4 can also be obtained by multiplying the printing time ts and the ‘a’ coefficient of the linear regression
(according to Equation 1). When ‘a’ is set to 3.03:102 MJ/min, the computed value for E4 is 9.12 MJ, and the model-to-
experimental difference is below 4% of the total. Satisfactorily comparable results can be achieved by using the ‘a’, ‘Co’

and ‘C1’ coefficients regarding the entire set of the experimental data, regardless of the kind of component material.
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Figure 14. Experimental test for model validation.

In addition, the printing time for the component ‘A’ was 23.4 h. The time for printing the same mass of materials in the

simpler shape chosen to validate the model was reduced to approximately one fifth. Also, the energy consumption was



proportionally lower. This experimental evidence confirms that the complexity in the deposition path affects directly the

average Deposition Rate, as above explained, as well as the process outcomes.

5. Conclusions

An experimental campaign aimed to identify the effects of the main FDM parameters on the process time and energy
consumption was carried out in this research. Components characterized by different geometrical complexities and
requiring variable volumes of the support structures were printed in ABS and PC-ABS by means of a Stratasys F370 FDM
machine. The layer thickness and the infill strategy were included among the input variables. The main process phases
were identified while considering the complete unit-process. The analysis of the results showed that the contribution due
to the non-printing phases (i.e., during the switch-on, idling, heating and calibration operational modes) on the total process
time and energy consumption can be modelled as a constant. As far as the printing phase is concerned, a linear correlation
between build time and energy demand for printing was highlighted. Moreover, negligible differences were noticed when
the extruder prints the material of which the component is made (either ABS or PC-ABS) or the QSR material for the
support structures. Therefore, it was possible to propose an inverse model correlating the Specific Printing Energy and the
average Deposition Rate (which was defined, for the purpose of this research, as the ratio between the total mass of
deposited materials and the build time). The average Deposition Rate was seen as a holistic measure of the job complexity
and consequently of the deposition path, which in turn was proved to depend on the chosen process parameters, the
material to be deposited and the component shape. The coefficients of the empirical models were computed by means of
regression analyses for each printed material of the component (ABS or PC-ABS). Moreover, since the differences among

the numerical values are small, a model for the entire FDM machine was suggested.

The proposed models can be used to predict the energy consumption of the complete process, being known the mass of
all the deposited materials (to make the component, the support structures, and the purge part) and the build time. Such
data can be easily obtained a priori from simulations performed by means of the software supplied with the machine. With
reference to the existing literature, the present paper contributes to a more accurate description of the correlation between
the FDM average Deposition Rate and the Specific Energy Consumption, and aims to foster the debate concerning the
sustainability of AM processes [30, and references therein]. One of the strategies towards the energy consumption
reduction could be the increase in the deposition speed and the optimization of the extruders’ path per each layer, which
in some cases are difficult to be controlled by the operator (particularly for closed-architecture machines). Finally, it is
interesting to remark the analogies between the results achieved in this research and the unit-process model for machining
firstly introduced by Kara and Li [15,16], who proposed the same inverse law to correlate the Specific Energy Consumption
and the material removal rate. The same model was also applied to Friction Stir Extrusion [31] and injection molding
processes [32]. These empirical models, mainly dependent on the machine architecture as well as the process control,
appear to be striking successful for all the manufacturing processes in which the constant power requirement of the

machine equipment (such as the heating systems for FDM) dominates the total energy consumption.
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