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Abstract Growing environmental and social concerns
about human society’s impact on the natural environment
have been pushing sustainable development issues into the
front line of public policies. The degradation of natural
resources has been aggravated by several other factors: the
actual lifestyle of consumer societies, the rapid growth of
emerging countries, rising inequalities among regions, and
the reduction of the life cycle time for each product
requiring a high consumption of limited resources. Sus-
tainable industrial practices can contribute to the devel-
opment of more sustainable products and processes. It is
critical to apply eco-design principles and develop greener
products and production processes, reducing impacts
associated with its production and consumption. An envi-
ronmental impact assessment should be taken into account
from the early design and production phases, through all
the stages of a product’s life until disposal. As public
interest in additive manufacturing grows, its increasing
usage for the production of final parts can support a drive
towards more sustainable manufacturing processes. To
introduce sustainability awareness during extrusion-based
additive manufacturing productions, a study of the pro-
duction of a part in terms its building orientation and
internal filling, regarding the production time, energy
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consumption and end-of-life scenarios is considered. By
combining the additive processes with eco-design, a higher
awareness is possible, which results in added value to the
produced parts while maintaining the part’s objective
performance.
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1 Introduction

Sustainability has become a key concern for government
policies, businesses and general public. Sustainable
development is a fundamental issue, involving significant
challenges to minimise environmental and social impacts
of human actions. The degradation of natural resources has
been aggravated by several other factors like the actual
lifestyle of consumer societies, the rapid growth of
emerging countries, inequalities between regions, and the
reduction time in the life cycle of each product requiring a
high consumption of production resources. Sustainable
industrial practices can contribute to the development of
more sustainable products and processes [10, 25]. It is
essential to apply eco-design principles and develop more
eco-friendly products and production processes. To reduce
its environmental impacts, an environmental impact eval-
uation should be considered in all manufacturing and
processing technologies, even in additive manufacturing
(AM) [30, 40].

In general, AM processes [9] possess good environ-
mental characteristics [31]. By utilizing only the amount of
material needed for the building of the final part, these
technologies have the potential to reduce the life cycle
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material mass and energy consumption when compared to
conventional subtractive techniques by eliminating scrap,
on top of eliminating the use of damaging further process
enablers [22, 45]. On the other hand, some processes
require support structures that are discarded after each part
is built, which in some cases can be equivalent to the
amount of part material, if the initial preparation phase
isn’t properly analysed or more due to the complexity of
the part being produced [18].

Additive manufacturing systems have significant
advantages compared with traditional ones such as the
ability to closely match the trends associated with con-
sumer demand regarding the product’s lifecycle, as well the
capability of product customization [18]. Consumers
replace many products as a lifestyle decision more asso-
ciated with trends than need. Consistent with this philos-
ophy, manufacturing systems should be capable of
responding quickly and efficiently in a sustainable way,
allowing implementation of changes in products, without
significant capital cost, while providing a good product
customization [22].

Certain techniques also have the ability to completely
eliminate supply chain operations associated with the
production of new tooling, enabling the repair and
remanufacturing of obsolete or failed tooling [33, 45]. A
variety of industrial sectors has embraced remanufacturing
of existing products, instead of original production, an
effective approach to simultaneously reduce costs and
environmental impacts, increasing productivity. These
technologies also facilitates the elimination of environ-
mentally polluting process enablers in the tooling industry,
and repair and remanufacture valuable tools and dies, as
well final products [37, 45].

Additive manufacturing machines are usually small
therefore they can be easily located close to any existing
market [19]. The logistics of moving parts around are
consequently reduced, allowing moving raw materials in
relatively small quantities around the world. On the other
hand, raw materials for AM are quite common, which may
lead to a possible net reduction in transportation costs [18].

Regarding the carbon footprint reduction of AM, there
are five main environmental and sustainable benefits in
adopting these technologies [37, 45]:

e Reduced amount of raw material required in the supply
chain. Hence, reduced need to mine and process
primary material ores.

e Reduced need for energy intensive and wasteful
manufacturing processes, such as casting or processes
like CNC machining requiring cutting fluids.

e Ability to design more efficient products with improved
operational performance, such as hydraulic components
with conformal fluid paths.
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e Reduction in weight of transport-related products,
contributing to diminish the carbon footprint.

e Parts can be manufactured closer to the point of
consumption.

Along with the sustainability issues concerning the
building of support structures during production, AM pre-
sent two main disadvantages [18]. Additive manufacturing
machines need a controlled environment without excessive
heat and humidity, for both machine and raw material, and
the energy used to keep this machine working effectively is
negative. In addition, the energy usage for AM systems is
generally unfavourable [7], as some machines need to use
pre-heated and air controlled building chambers, as well
the energy needed for the processing of raw materials, such
as lasers.

Supporting sustainability awareness in AM production,
this research work presents an environmental impact
evaluation of a fused deposition modelling system and all
the necessary reflections for a more ecological production
of extrusion based parts.

2 Additive manufacturing

Additive Manufacturing is defined as: “the use of a com-
puter aided design (CAD) based automated layer-by-layer
manufacturing process to construct parts that are used
directly as finished products or components” [24]. The
main feature is the ability to produce parts of virtually any
shape complexity is huge, as the process is capable of
creating mind boggling geometries in spite of their func-
tionality, requirements and materials [19, 24].

All existing processes require input data from a three
dimensional (3D) solid CAD model, usually as slices (cross
sectional data). The designer must first use a CAD software
to design the product, with all the requisites for manufac-
turing. This model is then tessellated and exported as an
STL file, which is the current industrial standard for
facetted models. In some cases, supports are necessary to
brace overhangs, which in this case, the system’s propri-
etary software performs the design of the support struc-
tures. The model is then sliced and the sliced data is then
sent to the additive hardware machine for the production of
the final physical part [8, 19]. The information flowchart is
illustrated below in Fig. 1.

Additionally to the standard importing file, the STL file
format, all AM systems share another common problem,
the part’s orientation during production. Orientation refers
to the building direction regarding the part in which the
slices are built [3, 19, 38]. Determination of the optimal
part orientation is a fundamental problem in layered
manufacturing [2, 19, 38], since the building direction has
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Fig. 1 Sequence of phases for obtaining models through rapid
prototyping techniques (adapted from Lee [29])

a significant effect on many key characteristics which
determine the final part’s cost [15, 27], dimensional accu-
racy [16, 41-43, 50], surface roughness [6, 34, 48, 49] and
even the part’s mechanical properties [1, 4, 11, 20, 26, 28,
32, 36, 44]. Selection of an optimum part’s building ori-
entation is a very important factor as it improves dimen-
sional accuracy and surface finish and reduces building
time and support structures, optimizing the final cost of the
physical part [2, 12, 19, 35, 38]. Determining the optimal
part orientation is a difficult and time consuming task as
one has to trade-off among various contradicting objectives
like part surface finish and building time [2, 12, 19, 35, 38].
An inadequate choice may result in physical models with a
significant “staircase effect” resulting in parts of poor
surface quality [47]. In 2013, Zhang and Bernard [51]
presented a multi-attribute decision making tool in order to
aid the selection of the part’s orientation, where they also
presented a literacy review of the methodologies that were
developed since 1995. Neither the new multi-attribute
decision making tool or the listed methodologies in the
literacy review, mention environmental awareness as one
of the key issues in the selection process for a part’s
orientation.

A number of process specific parameters and constraints
have to be considered while making the right decisions for
the fabrication of AM products [19, 23, 35]. An additional
issue that needs to be addressed is the environmental
impact of the several choices made during the production
process of AM systems [45].

Additive manufacturing technologies include four
main fabrication approaches as can be observed at Fig. 2
[19].

Stereolithographic Photo-sensitive
processes liquid resins
[P

Powder-bed fusion :
processes Powder material
Additive
Manufacturing
Technologies

Extrusion-based Pellets or filament

processes materials
Ly
Inkjet printing Binder jetting over

processes powder material or

‘ material jetting
(—

Fig. 2 Classification of AM technologies [8, 19]

3 Fused deposition modelling

One of the most commonly used techniques, the extrusion-
based technique, commercially known as Fused Deposition
Modelling (FDM), was developed by Scott Crump in 1989
[14]. Thin crystalline or amorphous thermoplastic filaments
are melted by heating and guided by a robotic device
controlled by a computer and by this process forming the
3D objects (see Fig. 3). The model material leaves the
extruder in a liquid form and hardens immediately [19, 24].
The previously formed layer, which is the substrate for the
next layer to assure good interlayer adhesion, must be
maintained at a temperature just below the solidification
point of the thermoplastic material. This is possible through
previously heating the building chamber and maintaining
its temperature during the production [13, 19]. This process
comprehends several processing parameters that affect the
quality and performance of the produced parts. Some of

Extrusion Nozzle

Fig. 3 Fused deposition modelling process
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these parameters are: the distance between extruded fila-
ments, width of the filaments, layer thickness, the lay-down
pattern of each layer, the thickness of the outer shell when
producing low or high density parts, etc. [4, 5, 16, 19, 26,
43, 44]. This implies that the correct building strategy has a
significant effect on both the properties and performance of
the produced part.

During the production of the extruded parts, two mod-
eller materials are dispensed through a dual tip mechanism
in the extrusion head [19, 24]. As mentioned before, a
primary modeller material is used to produce the model
geometry and a secondary material, or release material, is
used to produce the support structures [13]. The release
material forms a support structure bonding the primary
material of the physical model. Currently, there are two
types of release materials, namely, release materials that
can be easily broken off (Break Away Support System) or
simply washed away (WaterWorks Soluble Support Sys-
tem). Figure 4 illustrates a produced part with its support
material before the removal process.

Fig. 4 a Imported building part

before pre-processing; and

b building part after pre- (@)
processing with supporting

structures (part material in dark

grey and support structures in

light grey)

(b)
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Another important aspect that should also be considered
within the FDM process every time a production occurs is
the type of part filling used for the interior areas of the
produced parts. Three types of interior part fillings can be
selected [46]:

e Solid Can be used when a stronger, more durable part is
desired. Build times will be longer and more material is
added (Fig. 5a);

e Sparse high density This is the default model interior
style, which is highly recommended. Build times will
be shorter, less material will be used. The possibility to
produce curled parts, for geometries with large mass,
will be greatly reduced (Fig. 5b);

e Sparse low density The interior will be “honey-
combed” or “hatched”. This style allows the shortest
build times and lowest material usage, but will decrease
the strength of the part (Fig. 5c).

In summary, the main advantages and disadvantages of
the FDM process are listed in Table 1 [13, 19, 24, 35].
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Fig. 5 a Solid, b sparse high
density (HD), ¢ sparse low
density (LD) internal part filling

Table 1 Advantages and disadvantages of the FDM process [13, 19,

24, 35]

Advantages
It is easy to change materials
There is a good variety of materials available
There is no exposure to toxic materials or lasers
Capable of fabricating functional parts
Additive process with minimal wastage of building material
The support material is easy to remove
Disadvantages
Support structures are required
The process is slow on models of large mass
The models have poor strength in the vertical direction

Temperature fluctuations during production can lead to
delamination

Restricted accuracy due to the diameter of the building filament
The process presents an unpredictable shrinkage

4 D4E computational tool

A computational tool called design for environment (D4E)
was developed in order to perform life cycle assessment
during the product development cycle [39, 40]. This tool,
based on eco-design principles, can be easily adapted to all
product design practices within an industrial environment.
This system, developed to assist designers and users to
obtain more sustainable solutions, supports design deci-
sions at early product design stages, minimizing this way
the environmental impact of products during its whole life
cycle.

The D4E system uses a life cycle assessment (LCA)
approach to evaluate the environmental impact of a pro-
duct, supporting design decision-making, as it enables to
quantify all inputs and outputs in a qualitative and quan-
titative way at all life cycle stages. These life-cycle phases
can be described as pre-production, production, distribu-
tion, consumption and disposal [39].

( meqcle_Assfssment )

Product Definition or

definition

Production Material and production definition
Usage Energy and transport definition ‘
Disposal Product’s end of life ‘

]

Environmental Impact Value

Life Cycle Assessment >
Termination

Fig. 6 Flowchart of D4E tool

This tool uses eco-indicators to quantify the environ-
mental impact for each LCA component of a given prod-
uct. These eco-indicators allow measuring the
environmental impact of a material or process throughout
its life cycle, considering the materials used along the
manufacturing process, its energy consumption, transport
and final destination [17, 21]. Figure 6 shows the D4E
flowchart and it explains each step the user needs to follow
in order to obtain a product’s life cycle assessment.

The first window entitled life cycle identifies the project,
i.e., the general information about the project is filled out;
including name, date, reference, author, company and a
project summary, as shown in Fig. 7.

The second window, entitled Production, refers to the
data for each product component in the Production stage,
including a general description of each component pro-
duction, the number of components for each type, material
composition, mass, manufacturing process and the quantity
of processed components, as illustrated in Fig. 8. At this
stage, it is also possible to introduce the volume data for
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Fig. 7 Life cycle window:
reference data project

78 DesignforEnvironment V1

Production | Use | Disposal | Environmental Impact Value | Existing Projects |

Selecting an existing project: |

| New Project

&3 Activate Selected Project

Project Name: [Sustainabilty vs. Addiive Manufactuing

£ Confirm Project Data and Activate |

Reference:  |EcoDesign vs. FOM

Author: [H-Bantolo, H.A Almeida, D. Freitas & P.J. Batolo
Company: [academic

Description:  [Environmentalimpact of FOM produced parts
Date: |o1-04-2015

[  Confirm Project Data and Introduce in Database | @ Cancel Project Definition |

£ Language Change Engish/Portuguese |

X Close |

2 About D4E v1.0

Fig. 8 Production Window:

definition of the productlon Life Cycle Production | Use | Disposal | Environmental Impact Value | Existing Projects |
stage i : i i
Active Project:  No active project selected Group Material: -
e ) Processing Procedure: Not Applicable
Material: | |
@ Product " Consumables
Descrption Description:  Not Applicable
Component: [
Production Units: milipoints per kg
Processing Units:  Not Applicable
Description: Vahie
€ Ha i
kg
Quantity: units. € VYolume Defi Processing Amount: |Not Applicable
Frequency of usage of consumables: i
s Product Duration:
& per day
€ pe [ [ seas
€ per month  Confirm the Data @© Cancel Data Insertion [
Category [ Component | Description | Quantity || Typeof Usage ||  Material || Mass [ka] ﬂ}]} Score [~
(M| Product Captain America Captain America 1 Figuine ABS 0.08031 24124
|| Product Hulk Hulk. 1 Figuine 485 020332 81.328
| Product lronman lronman 1 Figuine 485 0064343 5979 |-
£ Language Change Engish/Portuguese 7 About D4E v1.0 X Close |

each product component, which can be determined by
either the 3D product analysis, or the measure of the mass
of each component using an analytical balance. The data
will then be added to the respective table in this window.

The third window entitled Use (Fig. 9), refers to the use
stage including the consumed energy or/and the use
transport regarding the distribution phase. Transport data
refers to the transport type and distance.

The disposal window refers to the final destination of
each product component (Fig. 10). In this step, users can
simulate the final destination of each product component
including recycling, incineration, landfill and waste. The

@ Springer

sum of the percentage for each component must be equal to
one hundred per cent (X = 100 %), no matter the values
obtained for each disposal proportion.

After introducing all the data in the previous windows, it
is then possible to calculate the environmental impact for
each step of the product’s lifecycle through the visualiza-
tion of charts (Fig. 11).

The environmental impact value window displays four
chart analyses of the environmental impacts regarding a
product: production, use and disposal stages for each pro-
duct component. The final value of the product’s envi-
ronmental impact will then be the sum of the
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Fig. 9 Use window: definition
of the use stage

& Design for Environment vi.

Life Cycle | Production Use ]Di:pnxal Environmental Impact Value | Existing Projects |

Active Project:

Usage Description: ||

No active project selected

Select the option: | (= Energy

€ Transport

@ Cancel Data Insertion

Energy Transport

General Information

:"

Energy Source:

Transport: ~

Energy Type: Description:

Description:

Energy Amount: | Unis
Frequency of usage:
& per day Distance: A -
© per week —
" per month

Product Duration: years

Description
¥| Captain America - uPint production

Electiicity

Energy Type
Electicity LV Portugal

[value Units

9,097 millpoints per Kwh

[usage Type Score -

1 one production 427536

[usage Frequency

Hulk - uPtint production Electricity Electicity L Portugal 16.744 millpoints per kwh 1 one production 786.968
lionman - uPtint production Electiicity Electricity LV Portugal 8077 milipoints per Kwh 1 one production 379611
% Language Change Engish/Portuguese P About D4E v1.0 X Close

Fig. 10 Disposal window:

78 Design for Environment v1.0

definition of the dlSpOSﬂl stage Life Cycle | Production | Use | Environmental Impact Value | Existing Projects |
Active Project:  No active project selected
 Confirm the Data | @ Cancel Data Insertion
Component: - kg
Description of each individual process
Recyoling:  Enviomental load of the recycing pocess difers fomease ]
1o case. The value are an example for recycling of piimary
material. ,7 %
Incineration: Incineration in a waste incineration plart in Europe. Average |
scenario for energy recovery. 22% of municipal waste in
Europe is incinerated.  =x
Landfill:  Controlled landiil size. 78% of municipal waste in Europe is =
%
Municipal  Indicatoris not valid for voluminous waste and secundary |
aste: mateials.
%
Separation by consomers of waste for recyciing (average ~
Household |/ o ccenario)
%
Component Landfill | Landfill [%] Score [ -
(| Captain America Landfil PS (Indicetor can alsa be used for landil of ABS) 100 0.247
[ | Huk Landfil PS (Indicator can also be used for landil of ABS) 100 0834
|| 1onman Landiil PS (Indicator can lso be used for landil of ABS) 100 0266 =
£ Language Change Engish/Portuguese 9 About D4E v1.0 X Close

environmental impact values, obtained from the stages of
production, use and disposal.

5 Case study

With the aid of the D4E tool, the LCA of FDM parts is
obtained as a function of the angular position of the
building orientation from a laying down to a standing
position, on both back to lateral positioning, alongside
with the three interior part filling options, in order to
determine the product’s environmental impact. In this

particular study, three figurines of super heroes were
considered for the evaluation of the FDM’s environ-
mental impact, namely Captain America, Hulk and
Ironman. Figure 12 illustrates the three super hero fig-
urines and their dimensions. In order to perform a
comparison between the three super heroes, they were
all scaled to a height of 150 mm. This research work is
based on the production simulation data from the uPrint
software since it is capable of presenting all the nec-
essary data without producing the high number of
produced physical models necessary to undergo this
study.
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Fig. 11 Example of
environmental impact value
window

Life Cycle | Production | Use | Disposal Environmental Impact Value | Existing Projects

Active Project: No active project selected

Life Cycle
I 1,726,693 Life-Cycle Impact
I 131.431 Production
Life-Cycle Impact [ 1594115 Use
] 1.347 Disposal

Score Life Cycle: 1726.833 milipoint

Use

N Captain America - uPrint production 427.536
[ Hulk - uPrint production 786.968
[ |ronman - uPrint production 379611

Production

Score Production:  131.431

Disposal

milipoint

W Captain America 24.1
. Huk 81.3

I |ronman 26.0

W Captain America 0.247
LS 0834
I lronman

0.266

Score Use: 1594115

0 - -
Captain America Hulk Ironman

milpoint Score Disposal:  1.347 milipoint

%> Language Change Englsh/Portuguese

P About D4E v1.0

X Close

Fig. 12 The three super heroes
considered in this study and
their dimensions: a Captain
America, b Hulk and ¢ Ironman

150,0 mm

The uPrint® SE printer enables to quickly build parts, and
build models from a CAD STL model. This printer builds
three-dimensional parts by extruding a bead of ABS material
through a computer-controlled extrusion head, producing
high quality parts ready to use immediately after completion.
The uPrint consists of two primary components, the 3D
printer and material bay. uPrint builds a maximum part size
of 203 x 203 x 152 mm and each material carrier contains
492 cc of usable material, which is enough to continuously
build, without reloading, for about 48 h. To reduce the dis-
tortion of the parts and guarantee the interlayer adhesion, the
building chamber is previously heated until a temperature of
80 °C, and maintained during production. The extrusion
heads are heated until a temperature of 310 °C.

This printer builds models with ABSplus™ material
which is up to 40 % stronger than standard ABS material,
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150,0 mm
150,0 mm
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therefore presenting itself as an ideal material for func-
tional prototyping through direct digital manufacturing.
Regarding the support material, the uPrint system uses a
washable release material. In this case, the environmental
impact value of the release material was not considered
because there is no eco-indicator value for the given
material. The system supplier only mentions that the sup-
port material has an Ecoworks pH level of 10, and that it
meets most worldwide wastewater requirements. Never-
theless, during the production, the energy consumption
encompasses both the extrusion of the model and the
release material.

Data regarding the types and weight of material for each
product is essential to evaluate each life cycle, as each
material and manufacturing process is associated with an
eco-indicator value. The first step for the environmental
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Fig. 13 Part orientation options
for construction: a lateral
laydown to standing position
and b back laydown to standing
position

90° <

Nl I BTN P
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(a) Construction Platform Oant (b) Construction Platform ot

impact analysis was the quantification of the amount of
ABS material needed for the production of each one of the
three super hero figurines. The time was also quantified, so
that the energy consumption could be calculated. Another
issue taken into account regards the part’s orientation
during the production process. In this case, two fabrication
orientations were considered, as illustrated in Fig. 13. Each
figurine was positioned either on its back or its lateral
position, corresponding to the 0° position. Then each fig-
urine was rotated with a 10° interval until it reached its
standing position, corresponding to the 90° position.

The Hulk figurine is the biggest one of the three, while
Ironman and Captain America have approximately the
same volume. In order to determine the deviations of the
material volume for each position and Angular Orientation,
the ideal volume was determined based on the STL.

Material Deviation, Solid Density

4,0
call W
@O @ ®
3,0
g
S, 2,5
[0)
5
3 2,0
=
b .\_\=.\_\_. -y p— _&
| =t &5 \‘\\\1».—\—!: .
1,0 4 R e
0,5 T T T T T
0 20 40 60 80 100
Angular Orientation ° Hulk - Back
o Hulk - Lateral
v Cpt America - Back
— A — Cpt America - Lateral
— & — Ironman - Back
— —®— —  Ironman - Lateral

Fig. 14 Material deviation for a solid density production of the three

figurines

o1 IR —

Part Orientation: Construction Part Orientation: Constructio
Lateral laydown to Standing Position Direction Back laydown to Standing Position Directio

e - o°
A z

4

According to the STL files, Hulk, Ironman and Captain
America have the volume of 191.984, 60.958 and
56.398 cm® respectively. Then the deviations of the
material volume were calculated in comparison with the
material volume predictions for each figurine for each
position and Angular Orientation (Fig. 14).

Comparing the Solid Density production of the two
printing positions (back and lateral) while changing the
Angular Orientation, it is possible to observe that for the
three figurines, the back position consumes more material
in order to build the figurines. The angular orientation
where both printing positions have an equivalent con-
sumption of material is situated between 60° and 80° for
the Hulk and Ironman figurines. Captain America due to
his shield on his right arm, only presents an equivalent
consumption between printing positions at 80°. Taking into
account the angular orientation, it is possible to observe
that the 0° has a higher consumption of material in the back
position than in the lateral position. In the lateral position,
the angular orientation that consumes more material varies
between 10° and 20° for Captain America and Ironman and
between 70° and 80° for the Hulk.

In terms of production time for the high density printing,
it is possible to observe (Fig. 15) that the lateral position
has higher values for all three figurines, with exception
between 50° and 80° for Ironman. Comparing the angular
orientation, it is possible to observe that for all three fig-
urines, the range between 70° and 80° presents the highest
production times. Until an angular orientation of 50°, the
production time increases significantly, continuing to
increase at a lower rate until 70° approximately, afterwards
decreasing slightly between 80° and 90°. Regarding the
number of construction layers during production, the
behaviour is also similar. Figure 16 illustrates layers during
production, the number of layers, until an angular orien-
tation of 50°, the number of construction layers increases
significantly, continuing to increase at a lower rate until
70° approximately, afterwards decreasing slightly between
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Production Time, High Density 950 Production Time, Hulk
900 -
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g S .l
g 5001 g 700
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400 4
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" : : " T 550 : . : . .

0 20 40 60 80 100
Angular Orientation e Hulk-Back
o Hulk - Lateral
v Cpt America - Back
——A— Cpt America - Lateral

Ironman - Back
Ironman - Lateral

Fig. 15 Production time for a high density production of the three
figurines

Number of Layers, High Density
700

600 -

500 -

400 -

300 -

Number of Construction Layers

200 A

100 T T T T T

0 20 40 60 80 100
Angular Orientation Hulk - Back
° Hulk - Lateral
v Cpt America - Back
——A-—-- Cpt America - Lateral
— —# —  lronman - Back
—:—®@——  lronman - Lateral

Fig. 16 Number of construction layers for a high density production
of the three figurines

80° and 90°. By analysing both figures, it is possible to
observe that the production time is highly dependent on the
number of construction layers during production.
Analysing the three printing densities in terms of Pro-
duction Time for the Hulk figurine, it is possible to assess
(Fig. 17) that the high density printing for the lateral
position presents the highest production time, whereas the
lowest production time, is the low density printing in the
back position. The other two figurines present a similar
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0 20 40 60 80 100
Angular Orientation Back - Solid
o Lateral - Solid
v Back - Low Density
— —A— Lateral - Low Density

Back - High Density
Lateral - High Density

Fig. 17 Production time for the Hulk figurine

behaviour. It is also possible to note that the production
time increases considerably until 40° for all the production
combinations (position and density) and after that increases
slightly till reaching 70° for the back printing position. As
for the lateral position, it is possible to observe a slight
decrease at 50° for all the production densities increasing
afterwards until 90°.

The data was inserted into the D4E tool considering the
following aspects:

e In the production stage, the support material consump-
tion was neglected.

e Due to the functionality of the products, there was no
energy expenditure during the life cycle for the use
stage, although energy consumption was considered for
the uPrint system during the production.

e Two possible options regarding the product’s final
destination (disposal) were considered: (1) solution 1—
the components were incinerated, and (2) solution 2—
the components were sent to landfill.

Based on these considerations, three scenarios were
considered for the parts and 1 for the uPrint system:

e The first scenario only considers the ABS material
impact and its amount without considering any end-of-
life/disposal options. Currently, there are no eco-
indicators for AM systems, sO no processing eco-
indicator was considered.

e The second scenario considers the ABS material and a
100 % end-of-life incineration.

e The third scenario considers the ABS material and a
100 % end-of-life landfill.
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Fig. 18 Environmental material and landfill end-of-life for Ironman

e The fourth scenario considers the environmental impact
of the uPrint energy consumption during the production
process.

Next, it was possible to visualize the data charts and
environmental impact results for each option through the
DA4E window, regarding the product (material, material and
disposal) and the equipment (usage).

The main purpose of this study is to assess the sus-
tainability impact of the printed objects accordingly to their
printing positions (angular orientation and position). When
observing Fig. 18 it is possible to refer that the Ironman
figurine printed in solid density has a higher impact
regarding the amount of used material, since it’s a solid
model. In accordance, the low density model has a lower
material impact. The Ironman in a solid density has a little
more than 65 g which gives a sustainable impact when
using the Landfill option as an end-of-life solution of
approximately 26 mPT. Comparing the two used positions
of rotation, the back and lateral, it is possible to refer that
the back position has a higher impact for the three printing
densities. This can be seen more distinctively when print-
ing in low density.

Comparing the impact of the three disposable solutions,
i.e., (1) without end-of-life; (2) incineration; and (3)
landfill; it is possible to observe (Fig. 19) that the landfill
has a higher impact value and the Incineration the lowest,
being the difference between them approximately of 0,6
mPT. Another visible aspect, it is that for all the disposable
solutions, the back printing position has a higher impact
value than the lateral position.

When analysing Fig. 19, it is also possible to observe
that the angular orientation with a higher environmental
impact situates at 0° for both positions, even if the back

Fig. 19 Environmental material impact value for all three end-of-life
solutions for Ironman
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Fig. 20 Environmental energy consumption impact value

position it is slightly higher than the lateral position. For
both positions, the angle with the lowest impact value is the
90° that corresponds to the standing position of the
figurines.

Regarding energy consumption of the high density
production (the printing option that presents higher
production times and energy consumptions), it is possi-
ble to observe that the lateral position consumes more
energy and presents the highest impact value at 70° for
the Hulk, and for the Captain America it is at 60° and
Ironman at 80° (Fig. 20). The lowest energy
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consumption is when the object contains lesser layers, in
this case, at 0° in the back printing position, a tendency
seen in all three figurines.

The part’s orientation is critical regarding the energy
consumption during the production process, in spite of the
amount of consumed material presents no significant
changes. Depending on the type of interior model (solid,
high or low density) used, the solid filling one has the
highest environmental impact in terms of material impact,
while the high density presents higher impact values in
terms of energy consumption. Either if the product’s aim is
decorative or conceptual, it is important not only to con-
sider the amount of material used in the process but also the
strategy used for producing the product. The amount of
material used is also critical regarding the possible end-of-
life disposal scenarios.

This research work also enabled to make a comparison
on the environmental impact of the product’s material and
the extrusion’s system energy consumption. In either of the
case scenarios, to minimize the environmental impact, it is
essential to shorten the time the extrusion system is on
without any production, as well reducing the amount of
productions, so that the heating and machine warm-up may
be more diluted between productions, minimizing the
environmental energy impact. In this particular case study,
the material’s environmental impact corresponds to an
average value of 5.8, 3 and 3.3 % of the global environ-
mental impact value (material and energy) for Hulk, Cap-
tain America and Ironman respectively.

6 Conclusions

Additive manufacturing technologies are being used as an
economical and viable alternative for fabricating complex
production parts in many industrial sectors. As public
interest in AM grows, its usage for the production of final
parts is ever more used, which can support a drive to
sustainability towards a more sustainable manufacturing
scenario.

There are many concerns regarding parts’ quality,
production time, cost, etc., but fewer regarding the sus-
tainability of the process. The proposed D4E computa-
tional tool allows obtaining data about a product’s
environmental impact, for each life cycle stage, which
can contribute to optimize the design product and min-
imize its environmental impacts along the life cycle. It
also provides a variety of charts enabling data visual-
ization and analysis, showing product’s environmental
impact. This system is a fast and efficient way to analyse
the whole life cycle of real products, and virtual models,
generating better solutions for production, use and final
disposal. D4E system can be a step forward to optimize
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additive systems, turning the additive process into a
more sustainable one regarding analysis and optimization
of a products’ life cycle. This tool also aims at influ-
encing decision-making by creating products to be
recycled and reused, thereby contributing to the reduc-
tion of the impacts and costs associated with all stages
of a product’s development.

This research work demonstrates that the part’s orien-
tation is critical regarding the energy consumption during
the production process, in spite of the amount of consumed
material presenting very slim deviations. The figurines in
the upright position, present lower material consumption
values and higher energy consumption values, while in the
laying down position, the figurines present higher material
consumption values and lower energy consumption values.
Depending on the type of interior model used (solid, high
or low density), the solid filling one has the highest
material environmental impact, while the high density
presents the highest energy environmental impact.
Regarding environmental impact, either one chooses to use
more material and consuming less energy or one chooses to
use less material and consuming more energy. Either if the
product’s aim is decorative or conceptual, it is important
not only to consider the amount of material used in the
process but also the strategy used for producing the prod-
uct. The amount of material used is also critical regarding
the possible end-of-life disposal scenarios. This work also
enabled to make a comparison on the environmental impact
of the product’s material and the extrusion’s system energy
consumption. In either of the case scenarios, to minimize
the energy environmental impact, it is essential to shorten
the time the extrusion system is on without any production,
as well reducing the amount of productions, diluting the
pre-heating between productions, minimizing the energy
environmental impact.
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