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Abstract

Additive manufacturing (AM) is defined as the process of joining materials to make objects from 3D model data, usually layer
upon layer, in contrast to subtractive or forming manufacturing methodologies. In studies of energy consumption in AM systems
reported in the literature, the electric energy consumed by different technologies was measured directly in the main electrical
supply wires of the machines, which does not represent the process energy consumption, because there are peripheral devices that
do not have an influence on the process. In order to generate a better approach to the energy consumption of the AM process, this
paper presents a proposal to measure the energy consumption directly in the system stage in which the AM processes are
performed: preparing the material for extrusion, deposition, selection, gluing, curing, and so on, obtaining the geometry of a
layer defined by an area with a certain thickness, and carrying out bonding between the layers to form a solid part. Because the
combination of material and manufacturing processes determine the mechanical properties of a built part and because different
materials and processes could be used to obtain these mechanical properties with different energy consumption values, the
authors suggest mathematical models for three AM processes (material extrusion, vat photopolymerization, and material jetting)
which predict the energy consumption and then compare the values with their experimental results, obtaining a difference of less
than 10%, and find the parameters which define the differences in energy consumption among the processes.

Keywords Additive manufacturing - Digital Manufacturing - Energy consumption - Mechanical properties - Green manufacturing

1 Introduction material extrusion (ME), material jetting (MJ), binder jetting,
sheet lamination, vat photopolymerization (VP), powder bed fu-
sion, and directed energy deposition [1]. Each of these processes
has different associated characteristics according to its specific
technological requirements and materials.

AM offers key benefits over other manufacturing processes
in terms of cost, speed, quality, innovation/transformation,
impact reduction of the cost and time involved in product
development, elimination of tooling, cost-efficient production
of small batches, fabrication of customized parts, free form
production of very complex parts, elimination of material
waste, reduction of inventory, reduction of the supply chain,
and the potential to reduce resources, energy consumption
demands, and CO2 emissions, to mention but a few, as well
as in the manufacture of spare parts and repairs [2-9].

The global AM market has been growing during the last

Additive manufacturing (AM) is defined as the process of joining
materials to make objects from 3D model data, usually layer
upon layer, in contrast to subtractive or forming manufacturing
methodologies. AM processes are classified in seven categories:
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years; it grew by 17.4% (to $6.06 billion USD) in 2016 and by
21% (to $7.336 billion USD) in 2017. The trend in the coming
years is continued growth [10].

The number of AM processes is not growing as fast as the
number of materials that they use and there are studies that
reveal the existence of materials for AM technologies which
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produce parts with similar values of Young’s modulus, tensile,
and impact strength [11-12]. Multiple technologies, materials,
and mechanical properties have been reviewed from data sheets
of AM companies [13-16], identifying materials and AM pro-
cesses that can produce parts with similar mechanical properties.

With more materials than ever before, the opportunities for
innovation are huge. The selection of an appropriate material and
its conversion into a useful product with the desired shape and
properties is a complex activity [17]. The choice of material
cannot be made independently of the choice of the manufactur-
ing process [18]. Therefore, to reduce the energy consumption of
a product during the manufacturing stage, design considerations
need to be taken into account. By identifying where the energy is
used during production and how effectively it is used, the design-
er gains an insight into the energy efficiency of the process in
relation to a product. This knowledge can empower the designer
to intelligently explore the suitability of a product feature or
material and consequently the chosen manufacturing process
with energy minimization in mind [19].

The average growth rate of electricity consumption in the
world from 1974 to 2016 was 3.3% [20]. The industrial sector
represents the 41.6% of the total, which is the highest global
percentage of electricity consumption, and the trend of electricity
consumption in this sector for the coming years is growing [21].
AM is a fabrication process that is in continuous growth [10], and
it implies a growth in the demand of electric energy as well.

Energy and time in AM, as in any fabrication process, are
critical factors to consider in production systems because they
define the efficiency, productivity, and cost [2, 22]. One of the
global priorities in the standardization of methods, terminolo-
gy, materials, and so on, in relation to AM in the world, is
focused on sustainability [2, 22]. This is accomplished by
pursuing the goal of implementing the certification of
energy-saving applications. For this reason, researches have
been investigating energy consumption in AM in order to
build the basis to support the scientific and technological as-
pects related to standardization of AM [22].

Some authors have analyzed the sustainability of some AM
technologies, studying the electric energy consumption in the
stages of preheating, production, cooling, and so on of selective
laser sintering (SLS) [23-26], binder jetting [27], and fused de-
position modelling (FDM) [28]. Other authors have compared
the energy consumption of SLS with injection moulding (IM)
[24], and others have made a comparison of energy consumption
in bulk forming and subtractive and additive processes [29].
Some authors have developed a methodology for calculating
digital manufacturing, energy consumption, and build volume
capacity utilization; thus, they estimate the cost of parts
manufactured by the next systems: laser-based AM processes
utilizing powder bed, electron beam melting, laser sintering,
and FDM [6-7]. In addition, some authors have tested different
machines to measure the energy consumption using FDM and
PolyJet technologies as well [30].

@ Springer

The studies mentioned in the previous paragraph,
concerning energy consumption in AM, measured the electric
energy consumed by different technologies by means of ap-
paratus (loggers) directly connected to the main electrical sup-
ply wires of the machines, determining in this way the energy
consumption that corresponds to each stage of the process
(heating, cooling, working, idle, etc.). As a result, the values
of'total energy consumption are distinct due to the differences
among the processes, technologies, machines, and materials.
The total energy consumption measured in this way is the sum
of the energy consumption required by the process of layer-
by-layer formation of material (hereinafter referred to as ener-
gy consumption) plus the energy consumption of the periph-
eral elements and accessories associated with the technology
(Fig. 1). Such a measurement does not distinguish the energy
consumption of the process itself from that of the peripheral
elements and accessories of the machine. From this situation,
the authors of this paper identify, as an important research
area, the study of the energy consumption of the AM process
without considering the peripheral elements and accessories,
when parts manufactured from different materials and by dif-
ferent AM processes reach similar values of their mechanical
properties.

In this paper, the energy process analysis is related to the
stage in which the parts are manufactured: getting the material
ready to be extruded, deposited, selected, glued, cured, and so
on, obtaining the geometry of a layer defined by an area with a
certain thickness, and carrying out bonding between the layers
to form a solid part [1]. This value will simply be called the
energy consumption.

2 Research proposal

Mechanical performance is one of the major concerns for de-
signers and manufacturers, and it is essential to satisfy the
design requirements and regulations. For that reason, typical-
ly, mechanical properties are the key factor in selecting a ma-
terial and its manufacturing process, but different materials
and processes can satisfy these requirements with different
energy consumption values.

To identify how similar the mechanical properties are by
using AM technologies and materials available in the labora-
tory for this work, multiple datasheets were reviewed. The
materials identified and selected with close tensile strength
and Young’s modulus properties were PC® for ME, RIGUR
RGD450® for MJ, and DL260® for laser-based VP.

With the material—process combination found in this paper,
experimental tests were performed in order to verify the ten-
sile strength and Young’s modulus. In order to propose a
mathematical model which predicts the energy consumption
for each process, the models described by other authors
[31-38] were applied and adapted. Measurements of energy



Int J Adv Manuf Technol (2019) 105:1735-1743

1737

Energy Energy
Total energy ! CONSumption + Cfr(‘asr:lrﬂg:g”
consumption  mmm (material elgmepntsand
processing)

accessories)

Fig. 1 Total energy consumption of a manufacturing system expressed as the sum of the process and peripherals and accessories

consumption were performed in order to compare the results
with the mathematical model defined for every process.

2.1 Mechanical properties of parts manufactured
by AM processes

To verify the mechanical properties identified by manufac-
turers, a series of tensile tests were carried out. These materials
were processed with the machines Stratasys Fortus 400,
Stratasys Objet5S00 Connex3, and DWS 020X respectively
to manufacture 10 samples using each material in accordance
with the edge build direction and default parameters recom-
mended by Stratasys [15-16] and DWS [39]. The geometry
and tensile tests of the samples were performed under the ISO
527-2/ASTM D638 standards using a Shimadzu AGS-X 50-
kN universal tensile test machine with a test speed of 5 mm/
min and a load cell of 50 kN.

In this work it, has been considered that the mechanical prop-
erties (tensile strength and Young’s modulus) of the samples
manufactured by different AM processes and materials are sim-
ilar when the difference in value between samples is less than
10%.

2.2 Mathematical models of energy consumption

The total energy consumption of a machine is defined by
many sub-processes (stages) [27, 40]. Mathematically, it can
be expressed as [27, 40]:

Er = Y E (1)

where Et is the total energy consumption, E; is the energy
consumption of the stages i, with i= 1, 2, 3..., m, and m is
the number of the stages (control system, feeding, material
processing, removal, etc.) [41]. This means that:

ET = EMaterial processing + EComrol System + EFeeding + ...

+ ERemoval of the part (2)

Since this work aims to find the energy consumption re-
quired for the material processing stage, only the first term of
Eq. (2) is analyzed, considering that Econsumption = EMaterial
processings therefore, the peripheral elements and accessories

(given by the sum of the other terms of Eq. (2), i.e.,
EPeripheral clements and accessories EControl System + EFeeding +
<. T ERemoval of the par) ar€ not considered because these ele-
ments are technological components (rollers, pumps, electron-
ic boards, and circuits, among others), which are dependent on
the machine selected for a specific part to be manufactured,
the specific efficiency of every chosen component, and so on.
This is shown schematically in Fig. 1. The energy consump-
tion studied in this work is shown in the coloured square.

Although there are mathematical approaches which define
the total energy consumption and although the power has been
measured directly on the machines, it has been identified that
such approaches do not particularize the relationship that ex-
ists between the different manufacturing conditions [parame-
ters of the process (layer thickness, raster width, deposition
velocity, etc.) and of the material (critical exposure, density,
heat capacity, etc.)] for each of the processes studied. From
this condition, mathematical models of energy consumption
were proposed as a function of the parameters of the process
and of the material for the three AM processes studied.

2.2.1 Considerations for material extrusion

A built part formed by a number of layers N that complete its
height Z has been considered. Each of its layers j has a
projected area A which is made up of a number of filaments
n with a raster width w, thickness /4, and length Y needed to
complete the base X (see Fig. 2). It has been considered that
the built part is solid.
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Fig. 2 Formation of layers in ME
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The mathematical model to determine the energy consump-
tion of the ME process was deduced from the combination of
the equations for the enthalpy of the extrusion process [31],
the flux of mass through the nozzle (tip) [32—34], and the heat
flux required by the extrusion process [31]. This means that
the energy consumption in the ME process is defined by the
nozzle and heat flux transferred to the polymer [35]. See
Table 1.

2.2.2 Considerations for laser-based vat photopolymerization

Each of'the layers j has a projected area A and a layer thickness
h and is scanned by a laser beam that has a Gaussian radius w.
The area A is defined by X and Y (Fig. 3). The laser scans A
string by string with a hatching space s and a scan speed v
[36].

The mathematical model to determine the energy consump-
tion of the VP process was deduced from the combination of
the equations for the exposure [36-37], the maximum expo-
sure [36, 38], and the laser power needed to cure the resin [36,
38]. See Table 1.

2.2.3 Considerations for material jetting

Each of the layers j has a projected area A defined by X and Y
and a layer thickness /. To cover A with respect to its dimen-
sion ¥, it is necessary to consider the number of strokes re-
quired to complete Yand, in this way, the entire projected area
of the layer. The number of strokes will depend on the dimen-
sion yy, which is defined as the width of the jetting head. The
ultraviolet (UV) light is provided by means of two UV lamps,
one on each side (Fig. 4).

The mathematical model to determine the energy consump-
tion of the MJ process was deduced considering the amount of
UV exposure required to reach the full conversion of the
monomer at a determined thickness, which is different for
each resin [42]. See Table 1.

Table 1 Mathematical models of energy consumption of the AM
processes
Processes Energy consumption
ME Eq. (3)
N=f Tpd2C, (AT)
E= 3 (T@)A ;
VP Eq. (4)
N=£ 6241
wE e”P
— Whee © A.
jzl é\/g /
MJ
Eq. (5)
N=f
E=3 (Ecn)A;
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Fig. 3 Formation of layers in VP

2.3 Measuring energy consumption

The energy consumption of the three processes studied, ME,
VP, and MJ, was measured considering the specific energy
consumption (SEC), which is defined as the energy required
per unit volume [29], regardless of the difference in dimen-
sions for every material-process combination.

2.3.1 Measuring energy consumption for ME process

The equipment used to take the measurements was a Fluke
435 II power quality and energy analyzer (Fig. 5) in associa-
tion with its respective data analyzer software, Power Log
430-I1, both connected at the electrical resistance of the extru-
sion head. Additionally, other parameters, namely the extru-
sion temperature and inner diameter of each tip used, were
measured. Three samples (141.5 x 141.5 x 2.54 mm) were
manufactured with PC® using a Fortus 400 machine for each
tip, T12, T16, and T20, with layer thicknesses 0f0.178, 0.254,
and 0.330 mm, respectively, a raster width = 0.5 mm, air gap =
0 mm, and raster angle = 45°/—45° for all the tips).

2.3.2 Measuring energy consumption for VP process

The laser UV power was measured at the output using a
Newport model 2832-C power metre with a Newport model
818-UV sensor (Fig. 6). Three samples (50 x 50 x 10 mm,

A
Yo Jetting
Head Yo

Build part Yo |Y
Yo v
UV Lamps
Build platform Yo

A\ 4

d
Bl

Fig. 4 Formation of layers in MJ
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Fig. 5 Energy consumption measurement of the ME process. a
Instrumentation of Fortus 400 machine. b Connection to the electronic
head to plug in the measuring apparatus. ¢ Sample

layer thickness =0.040 mm, scan speed =4.6 m/s, and laser
spot=0.050 mm) were built with DL260® using a DWS
020X machine.

2.3.3 Measuring energy consumption for MJ process

The exposure to the UV radiation that falls on the drops de-
posited was measured with a G&R Labs model 221
radiometer/dosimeter (Fig. 7). Three samples (10 x 10 x
10 mm; layer thickness =0.030 mm; mode: digital material;
finish: glossy) were built with RIGUR RGD450® using an
Objet500 machine.

3 Results
3.1 Tensile test results

The results of the tensile test performed to verify how close the
values of the mechanical properties of the parts manufactured
from the AM materials and processes studied are shown in
Fig. 8 were as follows: Y'is Young’s modulus; 7 is the tensile
strength (yield); o is the standard deviation; AY is the differ-
ence in Young’s modulus; %AY is the percentage difference in

Fig. 6 Measurement of the energy consumption of the VP process. a
DWS 020X machine. b Sample. ¢ Power metre sensor

Fig. 7 Energy consumption measurement of the MJ process. a Objet500
machine. b Sample. ¢ UV radiation sensor

Young’s modulus with respect to the minimum value; AT is
the difference in 7 with respect to the minimum value; and is
the percentage difference in 7.

3.2 Mathematical model of energy consumption

Table 1 shows the equations that represent the mathematical
models proposed by the authors of this work to determine the
energy consumption of the AM process as a function of the
parameters of the process and of the material used. Table 2
shows the nomenclature that corresponds to each of the pa-
rameters involved in the equations which were derived from
the application and adaptation of the models made by other
authors [31-38].

3.3 Energy consumption by the proposed
mathematical model versus the measured values

Figure 9 shows the difference between the energy consump-
tion obtained by measurement and by the proposed mathemat-
ical models (Egs. (3), (4), and (5)). The values of the param-
eters used to feed such equations are shown in Table 2; they

AY OY AT OT
1780 1773.7 37
0=143,5 35.9
1770 36 0=%+0,8
1757.0 | o 36 35.2
1760 o=1298 & 0=406 [ o
I wn
© X > | £35 o w
a X
S 1750 21 % |= oo | &
1 ™ <
1740.6 > 35 Iﬂ
o=+36,8| & 340 | 4
1740 0=10,2
34
1730
34
1720 33
VPDL260 MEPC MJRIGUR ME PC VP DL260 MJ RIGUR
RGD450

RGD450

Young's modulus Tensile strength

Fig. 8 Results of mechanical properties
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Table 2 Nomenclature of the parameters

ME E: Energy consumption

p: Density = 1300 kg/m®

d: Inner diameter of the tip*=0.5; 0.4; 0.3 mm
(T20, T16, T12, respectively)

C,: Heat capacity = 1170 J/kg K

AT: Change of temperature = Extrusion temperature-room
temperature® = 621.15 K

w: Raster width=0.5 mm

A: Projected area (of each layer, j)=0.02 m?

N: Number of layers = Upper integer (Z/h) =8; 10; 15
(T20, T16, T12, respectively)

Z: Height of the part=2.54 mm

h: Layer thickness = 0.33; 0.254; 0.178 mm
(T20, T16, T12, respectively)

VP E: Energy consumption
A: Projected area (of each layer, j)=0.0025 m?
w: Gaussian laser spot radius = 0.025 mm
N: Number of layers = upper integer (Z/h) =250
Z: Height of the part=10 mm
h: Layer thickness = 0.040 mm
E,: Critical exposure = 94.8 J/m?
Dy: Depth of penetration = 0.079 mm
Cyq4: Cure depth=0.157 mm
s: Hatch spacing = 0.070 mm

MJ E: Energy consumption
A: Projected area (of each layer, /)= 1 cm?
N: Number of layers = Upper integer (Z/h) =334
Z: Height of the part=1 cm
h: Layer thickness = 0.030 mm
E. n: Exposure required to reach the conversion
and the thickness 4 = 10.03 mJ/cm?

were obtained from the manufacturers’ technical information
and those marked with an asterisk (*) were measured during
the experimentation.

1,000 B SEC by

mathematical model

SEC by experimental
measurment

% difference
100 T

646.08
529.90
678.94

7.63%
10 T ’

3.83%

Specific energy consumpion (SEC) (J/cm3)

)
<
o

2.31% 4.72% 10.02%

ME-T20 ME-T16 ME-T12 VP M)

Fig. 9 Comparison between mathematical model and experimental
measurement
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Fig. 10 Regions of specific energy consumption for ME, VP, and MJ

3.4 Regions of energy consumption

Figure 10 graphs the values of energy consumption for the
three processes. They were drawn from point clouds obtained
by substituting the values of the parameters of the process and
of the material into Egs. (3), (4), and (5), considering the
materials studied and varying the layer thickness because it
is the most common parameter that can be set by the user. To
form the regions, the intervals of layer thickness are in the
following ranges: 0.178-0.33 mm for ME, 0.03—0.05 mm,
for VP, and 0.016-0.03 mm for MJ. Additionally, the raster
width and the hatching space were as follows: 0.254—
0.9822 mm for ME and 0.05-0.07 mm for VP, respectively.

4 Discussion

The results in Fig. 8 show that for the selected materials and
AM processes, both the tensile strength and Young’s modulus
of the parts manufactured have similar values, since the dif-
ferences in the mentioned properties are below 6%. This con-
firms that different AM processes are capable of manufactur-
ing parts with similar mechanical properties; this is because of
the nature of the polymers evaluated. This implies that in the
product design stage it is possible to select among different
AM processes due to the wide field of materials that could
offer similar values of mechanical properties.

From the proposed mathematical models of energy con-
sumption shown in Table 1 for each of the processes analyzed,
the following findings must be taken into account when a part
will be manufactured by an ME, VP, or MJ process.

In the ME process, which has a higher SEC, the volumetric
flow (the amount of material deposited per unit time) is faster
than that in the other processes, but it has been reported that
this process gives the worst surface quality [43—45]. In the VP
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Table 3 Other mechanical
properties

Property ME- PC VP- DL 260 MJ-RIGUR RGD 450
Hardness (Shore Scale D) 80 86-91 80-84

Heat deflection (ASTM D648 @ 1.82 MPa) (°C) 127 45-62 45-50

Flexural Strength (ASTM D790) (MPa) 68-89 52-59 50-65

Flexural Modulus (ASTM D790) (MPa) 1800-2000 1500-1700 1300-2800

and MJ processes, there is a strong relation with the layer
thickness: a greater layer thickness gives a lower energy
consumption.

Other properties reported for the materials are listed in
Table 3 [15-16, 39, 46]. It is noticeable that the values of
hardness are similar among the three materials and processes,
but this does not apply to the other properties, whose values
are similar only for two materials and processes but not for all
of them. This implies that although an AM process could be
more efficient in terms of energy consumption, it may not be
in terms of other properties, so it is necessary to consider this
situation when making decisions concerning the choice of a
certain material and process. In the comparative analysis made
in this study from the energy consumption point of view, the
closeness of the tensile strength and Young’s modulus among
the three processes was considered, but it is necessary to make
a trade-off between energy consumption and other properties
when those properties are relevant and not similar.

Figure 9 shows that the maximum difference in energy
consumption between the experimental results and results of
the mathematical model proposed was 10.02%, and it corre-
sponds to ME. Additionally, for ME it is identified that as the
tip size decreases, the difference between the mathematical
model and experimental results increases.

Figure 10 shows regions that represents the specific energy
consumption for each of the AM processes. ME is the process
that demands more energy per cubic centimetre, followed by
laser-based VP and then MJ. In general, independently of the
combinations of the values of the parameters that are involved
in Egs. (3), (4), and (5) (such a combination of parameters has
allowed the mapping of the regions), in Fig. 10, a trend of a
decrement of the specific energy consumption when increas-
ing the layer thickness is noticeable. In addition, from the
same figure, it can be seen that it is possible to find similar
values of specific energy consumption for VP and MJ under
suitable conditions (combinations of parameters), but this is
not possible with ME because the regions of this process with
respect to the others are greater. The specific energy consump-
tion of ME (0.321-1.202 x 10° J/cm®) is two orders of mag-
nitude greater than the specific energy consumption of VP
(6.21-14.52 J/em?®) and that of MJ (3.35-7.00 J/cm?®). As not-
ed, the values of energy consumption of the
photopolymerization processes (VP and MJ) are of the same
order of magnitude. It should be noted that these values of
energy consumption correspond to the process itself, so they

are not comparable with the energy consumption in studies
done by other authors [6], [28-30, 47-50], because they cor-
respond to the total energy consumption of the AM machines.
Independently of each technology, the energy consumption
determined by means of this study will be constant; therefore,
if the total energy consumption of a particular machine is
known, the energy consumption associated with the peripheral
elements and accessories can be determined.

5 Conclusions

The material and processes selection for this study were based
on the analysis for the tensile strength and Young’s modulus;
however, the methodology used in this work can be used to
explore other properties.

The regions of specific energy consumption shown in
Fig. 10 were drawn as a function of the layer thickness be-
cause this is a parameter that can be set by most technologies;
however, this analysis can be extended to other conditions
(combinations of parameters), obtaining the energy consump-
tion as a function of another parameter of either the process or
the material or the geometry.

Finally, the comparison of the AM process has been per-
formed by considering that the values of the mechanical prop-
erties of the parts manufactured by different materials and
processes are similar. It is important to explore the intervals
of energy consumption for the three AM processes when such
values are not similar enough. This exploration will be now
possible by means of the mathematical model of energy con-
sumption proposed in this work, considering the extent of its
robustness.
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