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Abstract

The components’ lightweighting has been pursued, especially in the transport industry, for greenhouse gas reduction. Topol-
ogy optimization, being able to allocate the material within a provided design space, is a mathematical method that can
support the design of lightweight components, preserving, at the same time, their mechanical performances. In this paper,
a standard shape of a component, specifically an automotive bracket, was topology optimized by estimating the impacts of
the new designs from an eco-friendly point of view. A subtractive, an additive and a casting manufacturing process were
considered as possible manufacturing routes achieving an optimized geometry of the component for each of them. The topol-
ogy optimizations were performed considering each processes’ peculiarities, introduced as constraints. Same strength for a
given set of loads and boundary conditions was the target of each analysis. The component’s lightening can be considered
environmentally friendly just after assessing the impacts associated with all the stages of the product’ life cycle. Indeed, each
phase of the product’ life cycle can be affected, differently, by the performed topology optimization taking into account the
peculiarities of the employed manufacturing process. The overall considerations on the most environmentally safe strategies
can, therefore, change according to the specificities of the optimized shapes. The topology optimization showed its utmost
potentiality, from a sustainable point of view, if applied to additive manufacturing techniques for the advantages arisen by the
capability to manufacture complex shapes benefiting also of reduction time process owing to less material to be deposited.
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Introduction helping them in the minimization of the amount of used

material in parts’ construction [1]. Specifically, TO aims

Topology optimization (TO), widely used in aerospace,
mechanical, bio-chemical and civil engineering, has been
developed to provide a mathematical tool to the designers
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at maximizing the component performances taking into
account specific sets of structural loads, boundary condi-
tions and constraints [2]. Furthermore, the TO analyses have
to be fine-tuned taking into account restrictions related to
the manufacturing strategies chosen for the part production
[3]. Hence, considering the constraints introduced by the
selected manufactured process, the TO can propose differ-
ent geometries of a component, characterized by different
weights. This is a relevant matter considering that, gener-
ally, material reduction in component’s production is often
strictly related to the greenhouse gas (GHG) emissions,
especially if components for the transport industry have to
be produced [3]. Focusing the attention, as a matter of fact,
on the transport sector, currently, the average emission target
for the entire EU fleet for new passenger cars is 95 g CO2eq
per km and terms such as 20 g CO2eq per km or also zero
emissions per km have been discussed [4]. Indeed, the strat-
egy adopted by the European Union (EU) for adapting to
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Fig. 1 Main dimensions of
the box to envelop the bracket
and used structural loads and
constraints

Fig.2 The geometries
employed in the analysis: a)
initial shape, b) optimized
shape manufactured by SM, c¢)
optimized shape manufactured
by AM and d) optimized shape
manufactured by CP
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Fig.3 Von Mises stress
distribution in the geometries

employed in the analysis due Type: Von Mises stress

to the applied loads: a) initial Unit: MPa
shape b) optimized shape manu- 350
factured by SM, ¢) optimized

shape manufactured by AM and -

d) optimized shape manufac-
tured by CP

climate change will lead Europe to become climate neutral
by 2050 [5].

Therefore, optimizing the parts’ geometry results in
improving environmental performances [6]. Specifically,
Upadhyayula et al. [7] claimed that fuel consumption in
internal combustion engine vehicles is reduced by 6% for
each 10% reduction in weight of the vehicle. Luk et al. [8]
introduced the concept of part functionality claiming that the
reduction of the vehicle weight and the related fuel saving
have to be strongly associated to the capacity of the part to
fulfill its assignment. Finally, Bian et al. [9] implemented

Table 1 Weight of the designed geometries

Manufacturing process Bracket’s Overall
weight (kg) employed mate-
rial (kg)
Machining (Initial Shape) 0,14 1,75
Additive (Initial Shape) 0,14 0,83
Casting (Initial Shape) 0,14 0,14
Machining (Optimized Shape) 0,08 1,75
Additive (Optimized Shape) 0,05 0,28
Casting (Optimized Shape) 0,11 0,11

a lightweight design in commercial vehicles to reduce fuel
consumption by 20%.

The components’ environmental performance must take
into account not only the product design, but also its pro-
duction, use and disposal phases. In this way, a complete
impact’s assessment can be achieved [10]. Eco-design by
topology optimization moved in this direction considering
the sustainability analysis criteria such as carbon emission
reduction, energy efficiency and carbon footprint reduction
[11]. Furthermore, artificial intelligence technology makes
possible the development of increasingly sophisticated opti-
misation software to design sustainable, efficient and envi-
ronmentally effective products [12, 13]. In this context, De
Boer et al. [14] carried out an LCA analysis of 3 different
additive manufacturing processes.

The novelty of the proposed work is the implementation
of the topology optimization combined with a Life Cycle
Assessment (LCA) analysis taking into account different
production routes for manufacturing a specific component.
An automobile part, i.e., a bracket was the selected com-
ponent to be optimized, topologically. Several studies have
been proposed aiming at quantifying the environmental
impact of vehicles [15]. The LCA was chosen because it
allows including all phases of the product’s life cycle, from
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Fig.4 From-cradle-to-grave analysis

Recovered
energy

Recycling of the component

Table 2 LCI literature data and

: Material extraction Product manufacturing Use phase EOL (MJ/kg)
calculated data for the entire (MJ/kg)
life cycle Primary produc-  Raw material
tion (MJ/kg) MIJ/kg)

SM 149,56 [29] 2,90 [30] 25,20 (MJ/h) 56,60 2,90 [30]

AM 149,56 [29] 1,65 [14] 22,17 (MJ/h) 56,60 1,65 [14]

CP 149,56 [29] - 2,90 (MJ/kg) [30] 56,60 2,90 [30]

Mold 63,73 [29] 4,40 [30] 600,00 MJ/kg) [31] - 4,40 [30]

* The initial mass quantifies the total material used in each manufacturing process

the extraction of raw materials to its manufacturing phase,
from the use phase of the produced component to its EOL
[16].

Specifically, Subtractive Manufacturing (SM) [1, 17],
Additive Manufacturing (AM) [18, 19] and Casting Pro-
cess (CP) [20, 21] were proposed as possible process routes
to produce the component. In detail, SM is performed by
a 5-axis standard milling machine, AM employs the laser
sintering 3d printer and the CP makes use of steel molds.
The bracket’s geometries with and without topology opti-
mization were analyzed considering the restrictions related
to each of the manufacturing processes. As a result, three
optimized geometries were obtained guaranteeing for each
of them the same mechanical strength of the starting shape.
Subsequently, the LCA analysis was implemented for each

geometry considering the related process employed in its
construction. In addition, focusing on significant impact cat-
egories, considerations on the performance of each process
taking into account the number of the parts to be produced
were also provided.

Method
Design of the case study

A bracket is a component generally used to improve the reli-
ability and accuracy of adjacent mechanical components
reducing vibrations and oscillations. Damping brackets can
reduce noise and material wear helping in preventing critical

Table 3 Energy parts required
for the achieving the raw
material used in manufacturing

Process

Quantity of raw material (kg) Energy for obtaining

raw material (MJ/kg)

Machining (Initial Shape)
Additive (Initial Shape)
Casting (Initial Shape)
Machining (Optimized Shape)
Additive (Optimized Shape)
Casting (Component)

Casting (Mould — Both Shapes)

1,75 2,90—Billet [30]
0,83 1,65—Powder [14]
0,14 -
1,75 2,90—Billet [30]
0,28 1,65—Powder [14]
0,11 -

60,12 85,00 [30]
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Table 4 Energy for
manufacturing the brackets

considering the analysed
processes

Process Power (kW) Working time (h) Energy (MJ)
Machining (Initial Shape) 7,00 [33] 0,44 11,08 [33]
Additive (Initial Shape) 9,65 [35] 0,70 24,19 [35]
Casting (Initial Shape—Part) - - 0,46 [30]
Machining (Optimized Shape) 7,00 [33] 0,53 13,46 [33]
Additive (Optimized Shape) 9,65 [35] 0,24 8,29 [35]
Casting (Optimized Shape—Part) - - 0,36" [30]

Casting (Both Shapes—Mould)

36.072,00 [31]

* Energy required to melt the material required to make the shape

components from breaking or malfunctioning [22]. The brack-
ets ‘number required in an automotive can vary from none
to two or more [23]. The initial geometry of the investi-
gated bracket’s typology, whose weight is of 0.140 kg, was
extracted by literature [24].The main sizes of the box required
to envelop this geometry are: 135 % 60x80 mm (Fig. 1). The
material, constraints and structural loads, applied in a single
condition, were also extracted by literature [24], see Fig. 1.
Three topology optimized shapes, reported in Fig. 2,
were designed starting with the geometry extracted by

literature. The simulations were performed by Autodesk
Fusion 360 software [25] with the aim of reducing the
mass of the component guaranteeing a minimum allow-
able space and preserving a safety factor of 2 compared
to the yield strength of the material. The finite element
simulations were set by meshing the parts by Inventor Pro-
fessional. This pre-processor employs just solid elements
for the geometry’s discretization. Specifically, tetrahedron
elements (4 physical points and 10 nodes for interpolation)
were utilised. The average element size of the mesh is 0,1.

1p
LCA Machining nOPT

2,5kg CO2 eq
1p 0,14 kg
Machining nOPT EOL machining nOPT
4,11 kg CO2 eq -1,61kg CO2 eq
0,14 kg 0,00089 m3 0,126 kg
Machining nOPT Use phase Al postconsumer
recycling machining
NO
3,69 kg CO2 eq 042 kg CO2 eq <] -1,61kg CO2 eq
175kg 162 MJ 147 kg 0,154 kg ] 0756 kg
Al billet for Machining Electricity, high voltage Al scrap recycling (NO) Waste aluminium Diesel, low-sulfur {RER}|
(NO) {NO}| market for | {RoW}] treatment of, market group for |
Cut-off, S sanitary landfill | Cut-off, S
22,4 kg CO2 eq 0,0764 kg CO2 eq -18,8 kg CO2 eq 0,00602 kg CO2 eq 0,42 kg CO2 eq J

o

0,154 kg
Aluminium, wrought

alloy {GLO}| market for |
Cut-off, S

4,63 M)
Electricity, medium
voltage {NO}| market
for | Cut-off, S

1,97 kg CO2 eq

0,0261 kg CO2 eq

Fig.5 GWP network considering the initial shape manufactured by SM

@ Springer



48 Page6of16

International Journal of Material Forming (2023) 16:48

The number of elements was: 2682 for the standard shape
and 23,127, 23,889 and 26,249 for the shapes optimised
respectively for the additive, machining and casting pro-
cess. In Fig. 3, the distributions of the stress generated on
these parts, due to the imposed loads and constraints, were
calculated and displayed as proof of comparable mechani-
cal strength for each of the designed shapes. The weight
of each geometry employed in the study was reported
in Table 1. A relevant information that affects the LCA
analysis is the total material’s weight that has to be con-
sidered for each manufacturing process considering the
wasted part, too. According to that, the initial volume of
the billet used in machining was calculated considering
the volume required to envelop the machined part. The
material wasted to create the supports in the additive pro-
cess was, instead, numerically estimated by Markforged
Eiger software [26] and added to the net-weight of the
additively manufactured shapes. No waste material was
considered for the casting process [27]. This information

is also reported in Table 1. Furthermore, the impact of
raw material in casting was compared to the one resulting
from the production of the billet or of the powder used,
respectively, in the SM and AM processes.

Life cycle assessment

Comparative LCA of 3 different process routes, namely SM,
AM and CM processes, in manufacturing an automotive
component was conducted. The comparison included the
topology optimisation modelled for the 3 different processes
assessing optimised versus non-optimised shapes extracted
by considering the constraints ascribable to each manufac-
turing route. Mid-point evaluation focused on global warm-
ing potential (GWP) and cumulative energy demand (CED),
and end-point damage on human health and ecosystems were
reported. The LCA study involves four main phases detailed
as follows.

1
LCA Machining OPT

1.84kg
Al billet for Machining
(NO)

Electricity, high voltage
{NOJ| market for |
Cut-off, S

Al scrap recycling (NO)

23,6 kg CO2 eq 0,0919 kg CO2 eq -204 kg CO2 eq

2,51 kg CO2 eq
1p 0084 kg ]
Machining OPT EOL Machining OPT
3,47 kg CO2 eq -0,967 kg CO2 eq -
0,084 kg 0,00054 m3 0,0756 kg
Machining OPT Use phase Al postconsumer
recycling machining
NO
0,255 kg CO2 eq L 0,967 kg CO2 eq -
] |
195 M) 1,6 kg 0,166 kg 0459 kg

Waste aluminium
{RoW}| treatment of,
sanitary landfill |

Diesel, low-sulfur (RER}]
market group for |
Cut-off, S

0,00648 kg CO2 eq 0,255 kg CO2 eq

4,85 M)
Electricity, medium
voltage {NO}| market
for | Cut-off, S

0,166 kg
Aluminium, wrought
alloy {GLO}| market for |
Cut-off, S

2,13kg CO2 eq

0,0274 kg CO2 eq

Fig.6 GWP network of the optimized shape manufactured by SM
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Goal and scope

The product system studied is an automotive component that
is manufactured by different manufacturing routes. The func-
tional unit, chosen for the present study, is a yield stress-con-
strained formulation inside this component, named bracket.
The bracket is constrained by the space, within which it has
to be installed in accordance with the applied loads and con-
straints. The yield strength can not exceed a limit tied to the
properties of the material, which the bracket is made of. The
system boundary includes all the unit processes: raw materi-
als extraction, product manufacturing, use phase and EOL,
as schematized in Fig. 4. The study excludes the transport
impact between the unit processes. Material recycling was
assumed in closed-loop and avoided impacts were allocated
to the same manufacturing process [28].

1p
Additive nOPT

3,5kg CO2 eq

Life Cycle Inventory (LCI)

LCI consists of an inventory list of data collected for all the
processes indicated in the system boundaries. The Ecoin-
vent V.3 database provided by SimaPro 9.3 software and
information extracted by literature were combined as well
as data modelled and calculated for the different geometries,
e.g., detailed values of energy and masses, as summarized
in Table 2.

Life Cycle Impact Assessment (LCIA)

Selected methods for the impact assessment are, the Cumu-
lative Energy Demand (CED), the Ecological Footprint (EF)
Method (adapted) V1.01 / Global (2010)/with tox catego-
ries (midpoint) and the IMPACT 2002+ V2.15 / IMPACT

1p
LCA Additive nOPT

1,88 kg CO2 eq

0,14 kg
EOL additive nOPT

-1,61 kg CO2 eq

|

0,14 kg
Additive nOPT

3,08 kg CO2 eq

0,00089 m3
Use phase

0,126 kg
Al postconsumer
recycling additive NO

042 kg CO2 eq | -161kg CO2 eq

|

083 kg
Al powder for Additive
(NO)

257 M)
Electricity, high voltage
{NO}| market for |
Cut-off, S

0,6 kg
Al scrap recycling
additive (NO)

10,6 kg CO2 eq 0,121 kg CO2 eq -7,68 kg CO2 eq

0,114 kg
Waste aluminium
{RoWj}| treatment of,
sanitary landfill |

0,756 kg
Diesel, low-sulfur
{RER}| market group for|
| Cut-off, S

0,00445 kg CO2 eq 0,42 kg CO2 eq -

0,104 kg 1.2 M)
Aluminium, wrought Electricity, medium
alloy {GLO}| market for voltage {NO}| market

| Cut-off, S for | Cut-off, S

1,33kg CO2 eq

0,00676 kg CO2 eq

Fig.7 GWP network of the initial shape manufactured by AM
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2002 + (endpoint), all available in the SimaPro 9.3 software
used for the evaluation [32].

The analysis focused on the quantification of the energy
required for the materials extraction employed in each manu-
facturing process by using the code library. Once extracted,
the material is processed to get a billet to be machined or
powders to be laid down, additively. The demanded energy
required to perform this transformation before SM or AM
was detected in literature (Table 3). The energy ascribable
for making the CP billets was neglected assuming that the
material is melted directly before filling the mould. For CP,
instead, the impact of the mould, made of H13 tool steel, on
the energy demand, was quantified and taken into account
in the analysis [30]. The energy required for the mould was
considered as constant for both standard and optimized
brackets, being related to the component's three dimen-
sions, which were constrained in the performed topology
optimization.

The energies for manufacturing a single bracket by
each of the investigated processes were summarized in
Table 4. Specifically, the SM energy impact was quantified

1p
Additive OPT

1,09 kg CO2 eq

considering the power of a standard milling machine [33]
and the working time extracted by Denkena et al. [34].
The times of the different printing phases and the required
powder were quantified by Gao et al. [35]. Finally, the
energy demand for casting was quantified considering the
required energy per mass of the produced component [30].
Specifically, the energy for the mould’s production was
quantified considering both its weight, which is based on
the dimensions of the bracket’s geometry, extracted by
Autodesk Inventor software [25], and the machining phase
required for its manufacturing [31].

To complete the analysis of the product manufacturing,
the finishing phase was also considered having the same
impact, proportionally to the component weight, for each
designed bracket. The energy related to the finishing phase
was quantified by Cecchel et al. [36]. The percentages of
recycled materials in each manufacturing process were
investigated for both aluminium [37] and H13 steel [38].

The impact of the products’ use phase was evaluated
considering that each bracket, mounted on an economic
car, which is powered by a diesel engine, covers a distance

1p
LCA Additive OPT

0,511 kg CO2 eq

005 kg
EOL additive OPT

-0,576 kg CO2 e

|

005 kg
Additive OPT

0941 kg CO2 eq

0,00031 m3
Use phase

0,045 kg
Al postconsumer
recycling additive NO

0,146 kg CO2 eq - -0,576 kg CO2 eq

|

|

028kg
Al powder for Additive
(NO)

876 MJ
Electricity, high voltage
{NO}| market for |
Cut-off, S

021kg
Al scrap recycling
additive (NO)

3,59 kg CO2 eq 0,0414 kg CO2 eq -2,69 kg CO2 eq

0,025 kg
Waste aluminium
{RoW}| treatment of,
sanitary landfill |

0264 kg
Diesel, low-sulfur
{RERY}| market group for
| Cut-off, S

0,000977 kg CO2eq | | 0,146 kg CO2 eq -

0,025 kg
Aluminium, wrought
alloy {GLO}| market for
| Cut-off,

0421 M)
Electricity, medium
voltage {NO}| market
for | Cut-off, S

0,32 kg CO2 eq 0,00237 kg CO2 eq

Fig.8 GWP network of the optimized shape manufactured by AM
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of 250,000 km in its life [39].The fuel consumption was
quantified in 0,3 L per 100 kg mass transported for 100 km
[4]. The density of the fuel was taken from literature [40].
Finally, the product’s EOL phase was also considered. The
percentages of materials, which can be recoverable, con-
sidering both aluminium for the brackets and steel for the
moulds, were estimated according to literature [30, 38].

Interpretation
GWP results are schematized in the networks of Figs. 5, 6,

7, 8,9, 10 that report the unit processes involved in manu-
facturing technique. CED results are synthesized in Table 5,

1p

1p
Casting nOPT

LCA Casting nOPT

0,604 kg CO2 eq

where the contributions of the four phases are detailed.
According to that, the electricity market of Norway was
considered to align the consumed energy in manufacturing
to the other CED’s contributions.

In Table 5, the consumed and the recovered, by recycling,
energies were labelled by OUT and IN, respectively. Fur-
thermore, the contributions related to the produced compo-
nent and to the used moulds for CP were also distinguished.
Looking at Table 5, therefore, the from-cradle-to-grave CED
can be evaluated, in detail. The charted data in Fig. 11 allow
observing how the volume of the manufactured components
affects the considerations on the processes’ CED perfor-
mances, deeply.

0,14 kg
EOL Cast nOPT

-1,61kg CO2 eq

0,14 kg 0,00089 m3
Casting nOPT Use phase
18kg CO2 eq 0,42 kg CO2 eq

0014 kg [ 0,126 kg
Waste aluminium Al postconsumer
{RoW}| treatment of, recycling machining

sanitary landfill | NO

0,000547 kg CO2eq | | -1,61kg CO2 eq

0,14 kg
Al billet for Die
Casting

1,79 kg CO2 eq

0,014 kg

Aluminium, wrought

alloy {GLO}| market
for | Cut-off, S

0,179 kg CO2 eq

0,46 MJ
Electricity, high
voltage {NO}| market
for | Cut-off, S

0,00217 kg CO2 eq

0,756 kg
Diesel, low-sulfur
{RER}| market group
for | Cut-off, S

0,42 kg CO2 eq

Fig. 9 GWP network of the initial shape manufactured by CP

0,365 MJ
Electricity, medium
voltage {NO}| market
for | Cut-off, S

0,00206 kg CO2 eq
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For the initial bracket’s geometry, the CP, reported with-

out the moulds’ contribution for a first examination, resulted
to be the process that burdens less on the environmental
resources. This observation changed if the optimized geom-
etry was considered. Making explicit the CED subdivision,
the following considerations emerge:

a)

Material production: this is energy-intensive for the
initial shape of the SM process being impacted by the
processed mass. The CED ascribable to SM passes
from 53,68 MJ to 24,43 MJ moving from the initial to
the optimized shape. This reduction moves SM to be
closer to CP (16,30 MJ), which does not take consistent
benefit from the optimization being 21,50 MJ its CED

1p

LCA Casting OPT

0,462 kg CO2 eq

1p
Casting OPT

b)

required for the initial shape. The AM, instead, owing
to the process capability of taking the product’s shape
to its extreme, in terms of volume reduction, resulted
in a relevant CED reduction passing to be higher than
CP’s CED for the initial shape (23,72 MJ) to a reduction
quantifiable in about 65% (8,14 MJ).

Production manufacturing: the CED for this LCA phase,
at least for AM and SM, is strictly related to the time
required to complete the process. For that reason, manu-
facturing of the optimized shape results in an increasing
of CED for the SM respect to the initial shape, respec-
tively 13,35 MJ and 11,08 MJ, considering that, more
material needs to be removed if the part is obtained by
the same billet size, being this a function constraint to

01kg
EOL Cast OPT

-1,15kg CO2 eq

0,1kg
Casting OPT

1,28 kg CO2 eq

0,0007 m3
Use phase

0,331 kg CO2 eq

0,1kg
Al billet for Die
Casting

1,28 kg CO2 eq

0,01 kg

Aluminium, wrought
alloy {GLO}| market fo!

| Cut-off, S

0,128 kg CO2 eq

0,327 MJ
Electricity, high
voltage {NO}| market
for | Cut-off, S

0,00154 kg CO2 eq

0,595 kg
Diesel, low-sulfur
{RER}| market group
for | Cut-off, S

0,331 kg CO2 eq

Fig. 10 GWP network of the optimized shape manufactured by CP
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Waste aluminium Al postconsumer
{RoW}| treatment of, recycling machining

sanitary landfill | NO

0,000391 kg CO2 eq -1,15kg CO2 eq

0,261 MJ
Electricity, medium
voltage {NO}| market
for | Cut-off, S

0,00147 kg CO2 eq
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be respected. The contrary happens for AM, where less
material needs to be deposited because of the reduced
volume of the optimized shape. Specifically, AM’s CED
passed from 24,19 M]J for the initial shape to 8,29 MJ
for the optimized shape. Finally, the impact of this phase
weighs marginally for CP’s CED, respectively 0,46 MJ
for the initial shape and 0,37 MJ for the optimized one,
being considered just the energy portion required to cast
the material.

c) Use-Phase: this LCA phase is strictly related to the mass
of the component. Therefore, the optimization shapes
impact less than the initial one on CED aside from the
considered process. The demanded energy reduction is
more evident for AM, arriving at 17,32 MJ, owing to
the process capability to achieve a stressed material dis-
tribution. This phase for SM and CP weighs 30,31 MJ
and 39,30 MJ, respectively. The CED is affected in the
amount of 50,52 MJ from the initial bracket’s dimension.

d) End-of-Life: the considerations, effective for the Use-
Phase, can be mirrored for this last LCA phase. In this
case, the values have to be considered as recovered
energy that, therefore, reduces the demanded energy of
the product life cycle. More is the mass of the bracket,
more is the gotten back energy considering a proper
waste management without considering landscape as
possible choice. In detail, the recovered energy is equal
to -13,85 MJ, -8,33 MJ, -4,76 MJ and -11,89 MJ respec-
tively for initial and optimized SM, AM and CP shapes.

e) From-Cradle-to-Grave: a complete view of the impact
for each process considering initial and optimized shapes
can be achieved adding up the detailed energy aliquots
of each LCA phase. Herein, the advantages arisen by
topology optimization for AM result to be evident with
a CED reduction of about 65% respect to about 41% and
25% for SM and CP, respectively.

As written above, the considerations were performed
without considering the impact of the moulds for CP’CED
to be able to get a comparison to AM and SM without
taking into account the number of parts to be produced.
Anyway, CP is environmentally affected by the energy
contribution related to the moulds, which weigh on the
production of few parts, consistently as shown in Table 5.
The study was, therefore, completed considering also the
contribution of the moulds and weighing it with respect to
the batch size (Fig. 12).

Focusing the attention on CP, it results clear how this
manufacturing solution is not competitive from a sustainable
point of view up to a consistent number of parts is produced.

Other midpoint categories are reported in Table 6.

Finally, taking to into account the IMPACT 2002+ V2.15
/ IMPACT 2002 + (endpoint) method, four damage catego-
ries were assessed, which are detailed in Figs.13, 14.

Table 5 CED for each phase of the LCA for the investigated process solutions if one bracket is manufactured

NET

101,43

84,54

Mould

Part

36058, 74}

3611733
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Fig. 11 The CED weight of the
investigated processes for each
LCA phase
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Conclusion The proposed bracket’s shapes, derived by the topol-

Topology optimization allows to properly distribute the
material within a defined domain with the aim to achieve
a specific target, i.e., the minimization or maximization of
a previously established goal, by fulfilling provided con-
straints. These constraints can be also related to the manu-
facturing process’ specificities selected for the production.
The impact that the topology optimization method can have
on the sustainability of a specific component was evaluated
by considering different manufacturing strategies. Specifi-
cally, an automotive bracket was investigated, and its mass
minimized guaranteeing a minimum strength value of the
part.

Fig. 12 CED increment for
each manufacturing solution
at changing the number of
produced parts
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justified by the capability of manufacturing more pro-
nounced topology optimized shapes by AM resulting in
a more impacting component lightening and related envi-
ronmental advantages during its use-phase. Furthermore,
optimized shape for AM means reduction of process time
due to the effect on the lengthening of the tool path with a
reduction of CED related to product manufacturing phase.
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This is not valid for SM being necessary to remove more
material from a standard billet’s volume to achieve the
designed final shape. However, to emphasize this influ-
ence and to weigh the contribution of each phase, further
studies are required to stress the LCA analysis to different
shapes changing the percentage of volume to be removed
by the initial billet before achieving the desired product.
Indeed, in general, the sustainability of the machining pro-
cess comes to be competitive compared to AM if the shape
to be produced is simple and, therefore, far to be topology
optimized.

Regarding the casting process, the topology optimization
results to be, slightly, advantageous for this solution from
an environmental point of view having a notable effect just
on material production and use-phase of the LCA. Com-
pared to AM, by the performed analysis, CP performed on
an optimized shape resulted to be less eco-friendly regard-
less the number of parts to be produced showing, anyway, an
increasing competitiveness, that has to be evaluated in rela-
tion to the type of the shape to be manufactured, for larger
batch sizes. This is the production scenario, where casting is
often chosen by the power of its more elevated productivity.
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