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Abstract

Lightweight design is often assumed to be the leading strategy to improve the sustainability of parts produced by additive
manufacturing. The present study confutes such an assumption by a cradle-to-gate life cycle assessment of different
lightweight strategies applied to a specific case study in the medical field. In particular, a patient-specific finger splint made of
polyamide is redesigned by means of generative design, topology optimization and lattice structures. The analysis investigates
two markedly different deposition processes, namely Arburg plastic freeforming and fused filament fabrication. The former
is carried out on an industrial-grade machine, while a desktop printer is used for the latter. This allows for observing the
impact of the redesign in two quite distinct scenarios. Findings demonstrate that, since environmental impacts are mainly
driven by building time, the adoption of automated design algorithms can be detrimental to the sustainability of the process.
On the other hand, relevant benefits on environmental impacts were achieved by reducing the infill percentage of parts.
The results of this work highlight the most relevant aspects which must be considered to limit environmental impacts when
designing parts for deposition-based additive manufacturing. This information can be used by designers to drive weight
reduction towards sustainability.

Keywords Additive manufacturing - Arburg plastic freeforming - Fused filament fabrication - Sustainability

1 Introduction

Additive Manufacturing (AM) is becoming increasingly
important in modern industry [1]. Initially adopted princi-
pally for prototyping, these technologies are nowadays used
for the production of final parts in several industrial fields
[2]. The market for AM is expected to increase exponentially
in the near future fostered by technological innovations and
new application fields [3, 4].

The tremendous expansion of AM determined a surge of
interest in the sustainability of these technologies. Specifi-
cally, a number of studies have been carried out to assess the
Environmental Impact (EI)s of these processes [5—7]. The
studies in this field are mainly carried out by means of Life
Cycle Assessment (LCA) in order to quantify the impact
of each aspect of the production on Els [8, 9]. Findings in
this field point out three main sources of EI, namely equip-
ment, energy and material consumption [10, 11]. The latter
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aspect received great attention since it allows for exploiting
the potential of these technologies. In fact, AM permits the
manufacturing of complex geometries which cannot be fab-
ricated by traditional processes [12]. This peculiarity opens
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the door to new design solutions minimising the amount of
material comprising the product. Such a trend is strongly
supported by Computer Aided Design (CAD) and Computer
Aided Engineering (CAE) tools for the automated Light-
weight Design (LWD) of parts based on user-defined criteria
[13-15].

Generative Design (GD) is a quite recent approach to
LWD based on the application of evolutionary Artificial
Intelligence (AI) techniques to modelling. According to
[16], GD can be defined as a designer-driven, parametrically
constrained design exploration process, operating on top of
history-based parametric CAD systems. The GD process
starts from a user-defined model and iteratively modifies
the design based on performance indicators defined by the
user. Modifications must respect design constraints imposed
by the user [17]. In recent years, this design method has
been extensively applied to AM for the redesign of parts by
reducing weight [18, 19].

Another widespread approach to LWD is based on the
use of Lattice Structures (LS). These structures consist of
elementary geometries that are replicated in the space to
replace the original part volume [14]. LS can be arranged
in the 3D space according to different schemes. Voronoi
diagram is a popular solution which allows for easily
achieving a non-uniform distribution of elements on
complex geometries [20]. LS has been extensively used for
the design of parts by AM processes due to their relatively
low computational cost if compared to GD [21].

Several studies highlighted the reduction of EI during
the product use phase achievable through LWD [6]. Such
advantages are particularly relevant for applications to
transportation, where the part weight is strictly connected
to energy consumption [22]. The findings in these fields
demonstrate that AM-enabled LWD can bring tremendous
benefits to the sustainability of the final product during
usage [23, 24]. Research in this field provides an in-depth
insight into the possibilities offered by AM technologies in
strategic fields. Nevertheless, these studies do not consider
the role of LWD on the EI associated with the production
phase. As a result, LWD is generally considered to play a
positive role in determining the sustainability of parts by
AM, which is assumed to provide “complexity-for-free”
[25]. These studies highlight marvellous opportunities in
the usage phase but fail to investigate the effects of LWD
on the cradle-to-gate phase of the lifecycle. Nonetheless,
previous research highlighted that this phase strongly affects
the economic, social and environmental sustainability of
AM [26, 27]. Specifically, the EI of the production is driven
by material usage, energy consumption and waste volume
[28-30]. These factors in turn change with the geometry
and orientation of parts, which may thus strongly affect
the overall process sustainability [31, 32]. Therefore, it is
necessary to take the Els of the production since the first
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phases of the design [33, 34]. Previous studies proposed
dedicated approaches to part design in order to reduce
material and energy consumption [35, 36]. Nonetheless,
to date, no research investigated the role of existing LWD
methods on Els of AMed products. This is of great relevance
since these methods are made available in commercial
software and are most commonly adopted in real industrial
scenarios.

The present study investigates the effects of LWD
techniques on environmental impact in a case study. The
main aim is to demonstrate that, for the case study, weight
reduction is not sufficient to improve the sustainability of
the product.

The analysis is carried out by comparing two radically
different Material Extrusion (MEX) processes, namely
Arburg Plastic Freeforming (APF) and Fused Filament
Fabrication (FFF). The former is carried out on industrial
equipment, while a desktop machine is considered for
the latter. This allows for observing the effects of the
redesign in two profoundly different scenarios. It is worth
remarking that the scope of this study is to compare different
LWD strategies, while a comparison between the MEX
processes is not possible due to their differences in terms of
requirements and product quality [37].

The case study analysed in this paper is a Patient-Specific
Finger Splint (PSES). This product has been chosen since the
need for customisation makes it especially suitable for AM.
Moreover, its shape and dimensions are suitable to both the
MEX processes considered in this study, also if more than
one product unit is manufactured. Since APF is widely used
in the medical field, this machine can be found in hospital
facilities [38]. Since the PSFS device is for external use,
the parts processed by FFF are also compatible with the
application.

The redesign of the PSFS is performed by means of
different computer-based LWD algorithms, namely LS,
GD and Topological Optimization (TO). Moreover, a non-
complete infill strategy of the original design is included
in the analysis. The different combinations between these
LWD techniques and the MEX processes mentioned above
are analysed by means of cradle-to-gate LCA to evaluate the
variations of EI determined by the redesign.

2 Materials and methods
2.1 Part design

A PSFS has been designed for the scope of this study. The
shape of the model is defined starting from two orthogonal
pictures of the finger, as shown in Fig. 1.

In greater detail, four splines have been drawn on the
profile of the finger. Then, a boundary blend function has
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Fig. 1 Modelling of the finger
splint (in green) starting from
orthogonal pictures

Fixed
constraint

60N

Fig.2 Load conditions imposed for GD

been used to create a surface through these curves. Finally,
the surface was thickened by 2 mm outwards to create a
solid model. These operations were carried out using
CAD software Creo Parametric by PTC©. The obtained
part, which will be named Full Part Design (FPD) in the
following, is used as a starting point for LWD.

Two automated LWD techniques are considered within
the scope of this study, namely GD and LS.

GD has been performed using the dedicated module of
PTC Creo Parametric 8. The loading conditions presented
by [39] and shown in Fig. 2 have been used for calculation.

The PSES is required to prevent flexion of the distal inter-
phalangeal joint, which could impede the healing process
[40]. According to the previous literature, the bottom face of
the PSFS, i.e. the region at the base of the finger, is assumed
to be fully constrained. The contraction of the finger is mod-
elled by means of two forces with opposite directions. Spe-
cifically, a downward force is applied to the base of the distal
phalange and an upward force is applied at the palm of the
distal interphalangeal joint. According to the hypotheses by
Emzain et al., the modules of these two forces are assumed
to be equal to 60 N and 58.94 N, respectively [39]. Figure 2
depicts these loading conditions.

Specifically, the part is considered to be fully constrained
at the bottom, i.e. at the base of the finger. The bending force
is simulated by applying a load equal to 60 N to the opposite
end and a resistant force with an opposite direction and

module 58.94 N is applied at the palm of the distal phalanges
joint [39]. The properties of Polyamide 6 (PA6) from the
Granta database embedded in Creo are assumed. A target
weight reduction equal to 50% is set. 512,373 elements with
a maximum size of 0.257 mm are used for calculation. It
is worth mentioning that, since the only objective of the
optimization is weight reduction, GD returns a single design
solution. When multiple objectives are defined, a set of
pseudo-optimal alternatives is proposed by the software.

TO is carried out by means of the Ansys©simulation
suite. The initial design space is assumed equal to the
geometry of the FPD. The material properties, constraints
and loads are equal to those used for GD and described
above.

LS are designed by means of Creo Parametric. A Voronoi
diagram with target cell size equal to 7 mm is used. The
structure consists of beams with 2 mm diameters. Two solid
annular regions of 2 mm height are defined at the top and
bottom of the splint. The aim of these shapes is to prevent
scratching of the finger while wearing and removing the
splint.

All calculations have been run using an Intel® Xeon®
E5-2620 v4 CPU @2.10GHz with 32 GB RAM.

2.2 Materials and processing conditions

The PSFS is designed to be made of PA6. Water solvable
material, namely Polyvinyl Alcohol (PVA), is used to
fabricate support structures.

The APF process is referred to an APF-2X 300K
machine. The main processing parameters of PA6 and PVA
on this machine are summarised in Table 1.

These parameters refer to Radilon S PA6 by Radici Group
and Armat12 PVA by Arburg Gmbh, and were defined by
means of a preliminary procedure for the characterisation of
these materials [41].

All the job processing for calculating building time
and material consumption has been carried out using the
MiniMagics slicing software released by Arburg Gmbh ©.

The FFF is considered to be carried out on a Prusa i3
MK3S machine. Prusa Slicer software has been used for
calculations. The processing parameters used are those
provided by the software for Filatech PA and Primaselect

@ Springer
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Table 1 Parameters used for APF printing

Parameter Radilon S Armat12
Extruding temperature (°C) 270 195
Build chamber temperature (°C) 110

Number of perimeters 1 1
Perimeters deposition speed (mm/s) 15 20

Infill deposition speed (mm/s) 60 65

Infill direction (°) +45 +45
Travelling speed (mm/s) 150 150
Layer height (mm) 0.2

Drop aspect ratio 1.2 1.65

PVA+. The most relevant of these settings are summarised
in Table 2.

2.3 Life cycle assessment

The analyses of Els were carried out by adapting parametric
LCA frameworks provided in the literature. Specifically,
the LCA models presented by [37] and [42] are used for
APF and FFF, respectively. Both these frameworks are
based on the Ecoinvent dataset [43] and adopt the ReCiPe
2016 methodology [44] for Life Cycle Impact Assessment
(LCIA). For the scope of the analysis, the machines are
considered to be located in Bologna, Italy. The analyses
are parametrised based on the material consumption and
building time required for printing. Both these values can
be calculated by means of slicing software.

The part and support material mentioned in Sect. 2.2 are
used in place of those in the studies mentioned above. Spe-
cifically, the Ecoinvent dataset for the production of PA6 in
the European region is used to model part material produc-
tion. Since the Ecoinvent database does not include a dataset
for the production of PVA, the one provided by the Product

Table 2 Parameters used for FFF printing

Parameter Filatech PA Primaselect
PVA+

Extruding temperature (°C) 275 195

Bed temperature (°C) 110

Number of perimeters 2 2

External perimeters deposition speed 25 25
(mm/s)

Internal perimeters deposition speed 45 45
(mm/s)

Infill deposition speed (mm/s) 80 80

Infill direction (°) +45 +45

Travelling speed (mm/s) 180 180

Layer height (mm) 0.2

Line width (mm) 0.45 0.45

@ Springer

Environmental Footprints (PEF) of the European Commis-
sion has been used [45].

2.4 Design of experiment

To investigate the effects of design and part planning on EI,
a full-factorial Design Of Experiment (DOE) is used. The
first factor of the experiment considers the different designs,
namely GD, TO, LS and FPD. Also, a solution in which
the FPD is manufactured with a 50% infill is considered.
This solution, named Full Part Design (50% infill) (FPD50),
is included since a non-complete infill is an easy and
widespread method to reduce the building time and material
consumption in deposition processes.

The second factor considered in the DOE is the Part
Build Orientation (PBO), i.e. the orientation of the part
on the building plate. Previous literature has demonstrated
that this aspect dramatically affects the energy and material
consumption of AM. Within the scope of this study, three
PBOs are considered. Specifically, the normal vector to the
base plane of the PSFS is oriented at 0°, 45° and 90° to the
Z-axis, as shown in Fig. 3.

The third and last factor of the DOE is the number of
parts (n,) on the printing tray. This aspect is particularly
relevant to the production planning of AM businesses. The
present study considers two scenarios. In the first, a single
part is produced within the build job. In the second scenario,
the building tray is filled with the maximum number of parts
nestable in the given orientation. The nesting procedure is
carried out by means of the slicing software mentioned
above. It is worth mentioning that, since the case study deals
with a custom device, the case in which numerous units of
the same parts have to be produced is unlikely. Nonetheless,
it is assumed that this configuration is representative of a
more realistic situation in which a number of slightly
different PSFSs must be produced simultaneously for
various patients.

0°

45°

90°

Fig.3 Investigated PBOs
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3 Results and discussion
3.1 Lightweight design

The geometry of the parts obtained by GD, TO and LS are
shown, respectively, in Figure 4a—c.

Table 3 presents a summary of the information
regarding solutions obtained through the use of LWD
algorithms. The table reports the nominal volume and
total surface area of each Computer-Aided Design (CAD)
geometry, as well as the computational time required for
different solutions. Additionally, the last two columns of
Table 3 provide the maximum Von-Mises stress (oyy max)
and displacement ( f,,,) of each design. For GD and TO,
Oypmmax and fi.x are calculated during part generation,
whereas for LS, a validation Finite Element Analysis
(FEA) was conducted on the final geometry using PTC
Creo.

As it can be noticed, GD is highly time-consuming if
compared to TO. This is an expected result which can be
explained by considering the iterative procedure adopted
by GD and the structural analysis carried out at each step
[21]. Moreover, LS is remarkably faster than the other two
LWD techniques analysed, namely GD and TO, as it does
not require a FEA of the part at each iteration. The final
LS design comprises 7502 beams and 3803 nodes. The
results presented in Table 4 indicate that the total surface
area of this solution is more than twice that of GD and TO.
Consequently, this leads to a higher number of contour
lines during the printing process, in contrast to the other
design solutions.

3.2 Slicing

Tables 4 and 5 report the results of slicing for APF and
FFF, respectively. Specifically, the building time (z,),

Fig.4 Models obtained via a
GD,bTO and ¢ LS a)
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Table 3 Data of the parts generated via LWD

Volume  Surface area  Computational — Oyymax  Jmax

time

(mm?) (mm?) (s) (MPa) (mm)
GD 4421 6,179 10,806 11.35 0.64
LS 4484 13,303 12 14.86 0.57
TO 4814 5,846 467 8.1 0.47

building time per part (#,,), part mass(m,) and support
mass (m,) are summarised.

By comparing Tables 4 and 5, it can be seen that APF
requires significantly more time for processing. This result
is expected since the droplet-by-droplet building strategy is
slower than continuous deposition (see also Tables 1 and 2).

The building time per part 7, is slightly higher when
multiple parts are printed in the same job. This small
difference is due to the rapid travel movements of the
deposition head between parts. It is worth mentioning that
this calculation does not consider the manual time required
for part removal and job restarting, which is highly relevant
in the case of single part printing.

By observing the support mass values (), it can be seen
that the FPD and FPD50 oriented at 0° can be manufactured
without support structures. Contrariwise, the LWD design
solutions require support structures in all the investigated
orientations. In particular, the GD is not self-supporting in
spite of the design requirements imposed for optimisation.
As a result, a significant amount of support material
is needed for manufacturing. The weight of auxiliary
material is higher for APF since the slicer the droplet-based
deposition requires full-supporting structures. On the other
hand, since FFF admits a certain level of bridging, less
material is used for part supporting in this process.

All the other build orientations determine an increase
of the auxiliary material. This result is expected due to the
shape of the PSFS, the curvature of which does not allow for
self-supporting. Therefore, the geometry of the specific part
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j:g:e 4 Results of slicing on Design @ (®) n, 1, (min) 1y, (min) m, (@) m, ()
FPD 0 1 184 184.00 11.49 0.00
FPD 45 1 330 330.00 11.37 28.40
FPD 90 1 260 260.00 11.28 22.74
FPD 0 30 5796 193.20 344.84 0.00
FPD 45 8 2652 331.50 90.97 223.33
FPD 90 8 2091 261.38 90.26 181.89
FPD50 0 1 130 130.00 6.98 0.00
FPD50 45 1 279 279.00 6.75 28.40
FPD50 90 1 213 213.00 6.48 22.74
FPD50 0 30 4183 139.43 209.26 0.00
FPD50 45 8 2250 281.25 53.97 223.33
FPD50 90 8 1718 214.75 51.83 181.89
GD 0 1 180 180.00 5.93 5.94
GD 45 1 304 304.00 5.89 35.90
GD 90 1 197 197.00 5.86 16.94
GD 0 20 3598 179.90 118.57 118.81
GD 45 8 2462 307.75 47.13 287.18
GD 90 8 1587 198.38 46.88 135.49
TO 0 1 182 182 4.45 2.52
TO 45 1 236 236 4.50 7.69
TO 90 1 156 156 4.53 5.69
TO 0 20 3638 181.9 89.08 50.47
TO 45 8 1885 235.63 36.00 61.55
TO 90 8 1250 156.25 36.20 45.48
LS 0 1 417 417.00 6.92 23.43
LS 45 1 529 529.00 6.93 62.95
LS 90 1 411 411.00 6.97 34.04
LS 0 20 8386 419.30 138.32 468.13
LS 45 4260 532.50 55.42 503.51
LS 90 3300 412.50 55.72 272.31

to be analysed must be closely investigated to determine the
optimal build orientation.

As far as building time f;, is concerned, it is possible to
notice that the APF process is significantly slower than
FFF on all the investigated configurations. This result is
consistent with the feed rates adopted for deposition, which
have been shown in Table 1.

The building time shows that the FPD50 solution allows
for a relevant reduction of the building time compared with
FPD due to the lower number of lines used for infilling. GD
and TO allow for reducing ¢, since less material is deposited
and, as a consequence, fewer movements are necessary. This
effect is almost negligible for APF, while it becomes relevant
in the case of FFF. On the other hand, LS determines an
increase in #,. Such a result can be explained if consider-
ing that this design requires more contours during printing
compared to the original part. As the deposition speed used
for contouring is considerably lower (see Tables 1 and 2),

@ Springer

an increase in processing time is observed in both APF and
FFF.

The 45° and 90° part orientations lead to higher values
of ¢, because of the need for depositing also the support
material. Moreover, additional movements are necessary to
move the second nozzle to the deposition zone and back.

3.3 Life cycle impact assessment

Figures 5 and 6 summarise the EndPoint (EP) indicators
for APF and FFF, respectively. Specifically, EIs on Human
Health (HH), Ecosystem Quality (EQ) and Resources Deple-
tion (RD) are shown.

Comparing Figs. 5 and 6, it can be seen that the Els
of APF are considerably higher, especially as far as EQ
and RD are concerned. This result is expected since the
APF-2X 300K is an industrial machine whose architecture
is considerably more complex than the Prusa i3 MK3S.
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;aFli:le 5 Results of slicing on Design « () n, 1, (min) ty, (min) m, (2) m, (g)
FPD 0 1 112 112.0 11.73 0.00
FPD 45 1 166 166.0 11.46 6.91
FPD 90 1 142 142.0 11.07 4.93
FPD 0 48 5430 113.1 560.24 0.00
FPD 45 18 3000 166.7 205.21 124.64
FPD 90 18 2572 142.9 198.31 88.07
FPD50 0 1 90 90.0 8.74 0.00
FPD50 45 1 148 148.0 8.82 6.92
FPD50 90 1 130 130.0 9.43 4.89
FPD50 0 48 1460 30.4 416.68 0.00
FPD50 45 18 2664 148.0 157.72 124.64
FPD50 90 18 2347 130.4 168.67 88.07
GD 0 1 89 89.0 5.90 1.60
GD 45 1 134 134.0 5.85 6.98
GD 90 1 102 102.0 5.81 3.30
GD 0 48 4350 90.6 280.34 79.40
GD 45 18 2429 134.9 104.26 125.70
GD 90 18 1830 101.7 103.54 59.39
TO 0 1 78 78.0 5.51 348
TO 45 1 129 129.0 6.28 7.6
TO 90 1 90 90.0 6.41 3.81
TO 0 48 3767 78.5 259.12 166.85
TO 45 18 2346 130.3 111.23 136.85
TO 90 18 1624 90.2 113.57 68.63
LS 0 1 222 222.0 6.36 5.02
LS 45 1 280 280.0 6.24 11.71
LS 90 1 244 244.0 6.15 7.29
LS 0 42 9069 2159 207.71 230.89
LS 45 18 4991 277.3 111.32 210.80
LS 90 18 4428 246.0 109.72 131.28

Figure 5 shows that the energy consumption of APF con-
tributes significantly to EQ and HH Els. On the other hand,
these impacts are almost completely driven by the machine
Life Cycle (LC) in the case of FFF. This can be explained if
considering that the APF-2X 300K uses a heated building
chamber. As discussed by [46], the build chamber heating
is responsible for most of the energy demand of industrial-
grade 3D printers.

As far as RD is concerned, it is evident that the APF
impacts are deeply affected by the adoption of disposable
building plates. This is in line with the findings of [37].
The impacts of consumables can be dramatically reduced
by nesting multiple parts in the same build job. This effect
can be seen in Fig. 7, which shows the RD impact for each
combination of design and PBO.

By observing Fig. 7, it can be noticed that the PBO has a
tremendous impact on the number of parts and, as a conse-
quence, on RD. As far as 0° orientation is concerned, FPD
and FPD50 result in more parts compared with GD , TO and

LS. The reason is that the available printing space is reduced
when two nozzles are used for printing, i.e. when support
material is necessary.

Surprisingly, the contribution of material consumption to
Els is marginal. This is an interesting result since it allows
concluding that the LWD itself is not sufficient to reduce
the process Els. Contrariwise, it is possible to notice that
most indicators are governed by machine LC and energy
consumption, which are both allocated on the basis of the
printing time. As a result, the design solutions minimising
printing time appear to be the most sustainable. Specifically,
the minimum impacts of APF production are achieved by
FPDS50 oriented at 0°, while the FPD and GD are almost
equivalent. The LS solution leads to the highest Els. These
findings are consistent with the values of f, presented in
Table 4.

In the case of FFF, the FPD50 and GD solutions are
equally beneficial on HH and EQ. These solutions have
almost the same building time (see Table 5). On the other

@ Springer



530 Page 8 of 11 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:530

5%10° Source 70 Tnclinati

clination

E 4x10-° @ Consumables RD N ® 0°
o g - (US$) A 45°
= 3x107 B Printing n
= 2x109 ® Machine 50 a m90°

1x10-5 g .\.: @ Support material 40 D-ESiE:D

23
0 (N B Part material 30 i FPD50
0 . - = GD
_ 1.5x10° Design 20 ry ' = TO
5 M FPD . LS
g 1x10 H FPD50 10 ) ®
& 6D
= 7 B TO 0
g >0 E§H @Ls 0 5 10 15 20 25 Nofparts 35
0 NN
0 Fig.7 RD impacts of APF with different number of parts in the same
build job

a
2
q
=~

Fig.5 EP LCIA of APF parts (one part per printing job)

2.5%107 Source
E 2x10° @ Consumables
% 1.5x10° B Printing
1x10° oy = B Machine
5%10°¢ . T § :: B Support material
0 & it NN @ Part material
0 45
. 3x10% Design
5 M FPD
5 2x10°% H FPD50
& 8 GD
o 1x10% B TO
= @Ls
0
5x1072
& 4x107?
%4
2 3x102
@ 2x102

1x1072

Fig.6 EP LCIA of FFF parts (one part per printing job)

hand, the GD solution is slightly preferable as far as RD is
concerned due to the lower material consumption. On the
other hand, TO offers a significant saving on building time,
as shown in Table 5. This in turn determines a benefit on
all the EI indicators. This can be explained if considering
the lower mass of support structures if compared with
GD and the lower part mass compared with FPD50 (see
Table 5).

@ Springer

In FFF, the impact of consumables is less pronounced due
to the high number of prints which can be performed on a
PolyEtherImide (PEI) building plate [42].

4 Extendability of the findings

It is important to mention that, since all the results presented
in the previous sections have been calculated on the case
study, the findings are limited to the specific combinations
of product design and machine. Specifically, the geometry of
the initial part and its application strongly affect the quanti-
tative results of the LCA. Nonetheless, it is possible to draw
some more general conclusions based on the parameters of
the analysed building jobs. In particular, a pivotal role of
building time has been observed. This can also be seen in
Fig. 8, which shows the environmental impacts of products
as a function of the building time per part.

It is possible to highlight that all the impacts increase
almost linearly with the building time per part. Therefore,
during the redesign of parts, close attention must be paid
to the building time of the new part. This is due to the
predominant role of energy consumption, in line with
findings by [46].

It is worth mentioning that the considerations presented
in this study are limited to the scope of MEX processes as
those analysed in the case study. Indeed, the vast field of
AM includes several technologies that profoundly differ one
from the other [47]. For example, in Liquid Crystal Display
(LCD) processes the building time and energy consumption
are not affected by the complexity of shapes, nor by the
number of parts per build job, but only by the number of
layers [48]. Moreover, support structures are not necessary
in the case of some technologies, e.g. polymer Powder Bed
Fusion (PBF) [49]. Therefore, specific studies will be carried
out in the future in order to investigate how LWD strategies
affect the Els of other AM processes.
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5 Conclusions

This study gave an in-depth insight into the role of LWD
on Els of deposition-based AM production. The main
result emerging from findings is that benefits derived from
part weight reduction marginally contribute to the overall
sustainability of the process. On the other hand, a leading
role is played by the production time, which governs
the impacts on HH and EQ. This means that the Els of
complicated LWD, such as LS, are higher than those of
the original part in spite of material savings. GD appears
more effective than LS in reducing Els, especially in the
case of FFF. However, this design strategy is highly time-
consuming, which affects the efficiency of the design
process. As a result, reducing the infill percentage of parts
is found to be the more effective strategy to simultaneously
reduce the part weight and EI.

As far as FFF is concerned, the best results are obtained
by means of TO, which allows for a considerable reduction
of the building time. In the case of APF, the Els of TO are
similar to those of GD. However, the computational cost of
the former is significantly lower.

It is worth remarking that these findings are strictly
connected to the geometry of the investigated case study.
Nonetheless, a general dependency of Els on the building
time can be highlighted.

In the case of APF technology, a considerable impact is
due to the use of disposable building plates. For this reason,
nesting the maximum number of parts in the same build job
is crucial to minimise the RD of the process.

Findings also highlight the pivotal role of PBO in
Els. In fact, this aspect deeply affects the building time,
amount of support material and number of parts which
can be nested on the building plate. PBO should be thus
considered from the very first phases of LWD to effectively

achieve environmental benefits. Future work will be thus
dedicated to the integration of LCA methods into automated
LWD techniques to allow for a sustainability-driven mass
reduction in products for AM. This will require dedicated
studies to explore the effects of LWD on the Els of different
AM processes and geometries.
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