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Abstract

Additive manufacturing has shown advantages for nanocomposite fabrication. Despite VAT-photopolymerization
being one of the first developed 3D printing technologies, high device costs made it a technology that was difficult to
access. The massive production of these devices in recent years has opened this technology to everyone.
Stereolithography and Digital light processing are the most prominent technologies used in this field. This systematic
review studied 217 articles regarding SLA and DLP for additive manufacture of nanocomposites. The main finding of
this systematic review shows that further research on circular economy and life cycle assessment of the SLA and DLP
technologies is urgently needed. Also, a deeper discussion on the technology and material costs is recommended in
order to give a more detailed insight on the final cost of these 3D-printed nanocomposites.
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Resumen

La manufactura aditiva ha demostrado poseer ventajas en la fabricacién de nanocompuestos. A pesar de que la
fotopolimerizacion-VAT es una de las primeras tecnologias desarrolladas de impresion 3D, el alto costo de los
dispositivos la hizo una tecnologia de dificil acceso. La produccion masiva de estos dispositivos en los Gltimos afios
ha abierto esta tecnologia a todo el mundo. La estereolitografia (SLA) y el procesamiento digital de luz (DLP) son las
tecnologias mas prominentes usadas en este campo. En esta revision sistematica se estudiaron 217 articulos
relacionados con las técnicas SLA y DLP para la manufactura aditiva de nanocompuestos. El principal hallazgo de
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esta revisidn sistematica es la necesidad futura de investigacién en economia circular y evaluacion del ciclo de vida de
los procesos SLA y DLP. De igual manera, se recomienda una discusion mas profunda respecto al costo de los
dispositivos y los materiales para poder tener una vision mas detallada del costo final de los nanocompuestos obtenidos

por fotopolimerizacion.

Palabras clave: nanocompuesto; impresion 3D; manufactura aditiva; estereolitografia; DLP; costos; LCA.

1. Introduction

Additive manufacturing (AM), most known as three-
dimensional printing (3DP), is the process of creating
parts with the addition of material layer by layer [1] to
create a 3D model, opposed to conventional
manufacturing where such material is removed to create
the desired part. Therefore, 3DP reduces the consumption
of raw material which in turn can decrease the
manufacturing costs [2]. AM can be used for printing the
most complex materials such as ceramic-polymer
composites [3], fiber-reinforced polymer composites [4],
food [5], nanocomposites, and cementitious materials

(61, [7].

AM is divided into seven categories by the ASTM
standard, which are: vat photopolymerization, binder
jetting, directed energy deposition, material extrusion,
material jetting, powder bed fusion, and sheet lamination
[8]. 3D-printed parts are usually used for rapid
prototyping and the number of end-use 3D-printed parts
has been increasing lately, however, a study [9] from
more than 100 industries in the United States showed that
there is a small group of manufacturers using AM to
produce their final products. However, due to the new
COVID pandemic, AM has been one the most used
technologies in supporting the fabrication of medical
protective equipment, mechanical ventilator accessories,
and other parts [10].

The vat photopolymerization (VP) ASTM category
consists of several manufacturing techniques using light
as a stimulus to start a focused polymerization reaction.
One of the most representative features of vat
photopolymerization techniques is that it possesses the
highest resolution and surface finish of all AM processes
[2]. The main drawback of VP resides on the feedstock
materials, as the polymer to be used must be a resin that
can start its cross-linking process by means of light,
known as photo-curable resins, which constraints the
application of this technology. There are two exposure
techniques in VP: serial scanning and flood exposure.
Serial scanning works by running a laser over the resin to
selectively polymerize the resin, while flood exposure
selectively casts light on the layer according to the cross
section of the part to polymerize the resin [2].
Stereolithography (SLA) being a Serial scanning

technique and Digital light processing (DLP) is a flood
exposure technique.

SLA uses a laser to cure selectively the resin through the
action of scanning mirrors, sometimes lenses are used to
help focus the laser light. This process can achieve a final
print resolution of 20 um [11], this resolution is related
to the laser beam size. A common set up of SLA
technology is depicted in Figure 1. On the other hand,
DLP relies on a digital micro-mirror device used in order
to project different light geometries of the part cross
section, to polymerize a complete layer of resin, making
this process faster (but sacrificing resolution), as the
minimal measure of the final printed part is limited by the
pixel size of the projector screen. A common set up of
DLP technology is shown in Figure 1. As a result of the
differences in the operating conditions and apparatus set
up, SLA technology offers a more accurate impression,
although it takes longer than DLP, as DLP can print
complete layers at a time considerably shorter. The
pixelated effect on the DLP technology is due to the light
being projected from a light projector, the pixel size
determines the accuracy of each printing. Such pixel size
is usually referred to as a ‘voxel” in 3D printing [12],
which is considered short for ‘Volumetric picture
element’ or ‘volumetric pixel’.

Meanwhile, circular economy models are now being
implemented elsewhere due to the significant challenges
and large-scale problems we are facing such as the
worldwide pollution, the increasing energy needs,
overpopulation, and adverse policies and economic
models that became a threat for the planet sustainability
[13]. AM is not the exception with this need [14], [15],
and therefore important efforts need be made for the
technology to become a real green solution.
Nanocomposites have shown to be an excellent way to
capture contaminants [16] and provide solutions to
complex environmental issues [17]. With the
combination of AM, innovative solutions become
possibilities. The purpose of creating composite
materials is to take advantage of useful properties of
different materials while trying to overcome their
drawbacks.

The use of nano particles and nanomaterials has been
increasing over the years, achieving areas of impact from
fuels and propellants [18] to super capacitors [19]. Nano
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scale reinforcements are widely used to increase the
mechanical or chemical properties of a matrix. Using
nano metric materials as reinforcement for the resin
matrix in SLA and DLP manufacturing processes can
significantly increase the properties of the final
nanocomposite [20]. This mixing of nanocomposites
with the VP techniques has led to a new research field
which has involved multiple kinds of applications such
as radar absorbing materials [21], piezo electric materials
[22], biomedical [23], printable elastic conductors [24],
hydrogels [25], among others. A proper dispersion of the
reinforcements in the resin also increases the final
properties of the nanocomposite material, this is achieved
by different techniques with ultra-sonication being one of
the most widespread [26].
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Figure 1. SLA vs DLP technologies. a) SLA apparatus
set up. b) DLP apparatus set up. ¢) Laser beam sized
resolution from SLA, in which a single point gets cured
at a time without a pixelated effect. d) Display pixelated
resolution from DLP, in which a complete projected
geometry (layer) gets cured. Source: Author.

This systematic literature review analyses the recent
increase on nanocomposite materials obtained by VP
techniques such as SLA and DLP, by studying a total of
217 research papers in the field while keeping track of
the economic and environmental perspectives involved
in 3DP — SLA — DLP, with the aim of unfolding research
opportunities in this growing VP manufacture field. The
review is organized as follows. First, we present the
information on nanocomposites obtained by VP covering
the SLA and DLP technologies, the materials used in the
selected articles, and the pre and post processing of these
nanomaterials.
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Then, the articles that had cost related terms in their
studies are introduced. Finally, the articles that
mentioned terms related to environment and life cycle
assessment (LCA) are presented. Analysis and results are
discussed, as well as the suggested research
opportunities.

2. Methodology

The methodology used in this article was adapted from
Tranfield and Denyer [27], which mainly set the aim of
the review and accomplishing with a series of systematic
filters to ensure the relevance of the final documents to
be analyzed. Therefore, after the aim of the review was
defined, a systematic search of information was
performed in the Scopus database in order to conduct
three different studies, corresponding to three stages. The
first stage focuses on the VAT photopolymerization
techniques involving nanocomposite materials. The
second one focuses on the costs involving this type of
process; and the third one focuses on the life cycle
assessment (LCA) that can be or has already been
implemented.

As the aim of this study is to analyze those articles
relating nanocomposite materials and the VP
technologies, an initial search in the database was
performed involving the ‘nanocomposite’ and ‘additive’
topics. Searches were narrowed by excluding
publications before 2015 which were surprisingly very
few [28], [29], [30], [31]. Also, books and book chapters,
as well as conference papers, were excluded from the
search as this review will only analyze research articles.
The search was conducted using the search strings and
keywords listed in Table 1.

The Scopus report (Figure 2) shows the number of
articles by country (the 10 most relevant countries) in the
study of the 137 initial results of the search string 1, with
the United States and China taking participation in over
30 documents each, followed by India and the United
Kingdom with nearly half the participation from that of
the United States and China individually.

Each search string was filtered two times in order to
narrow the number of articles in each search by relevance
in the field of study.

Table 2 shows the number of articles per search and its
subsequent filtering stages. The first filter applied in all
the searches was a Scopus database automatic filter of the
publish year, the search was narrowed down to articles
excluding articles before 2005, in this initial filter stage
only research articles were used.
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Table 1. Search strings, keywords, terms, and combined terms of the systematic search.

Item

Description

Terms

Nanocomposites, 3Dprinting, AM, SLA, DLP, costs, LCA

Combined terms

VAT photopolymerization, circular economy, life cycle assessment

Search String 1

ALL ( nanocomposites ) ) AND ( ( (additive)) AND (sla)

Search string 2

ALL (.nanocomposites ) ) AND (( (additive)) AND (sla) AND ( cost)

Search string 3

ALL ((nanocomposites) AND ((sla) OR (stereolithography)) AND ("life cycle"))

I 4
Spain I 5

Canada
SouthKorea I 6
I ©
I 7
I
I 5
I 12

Singapore
Autralia

Italy

United Kingdom
India

China

United States
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Figure 2. Number of articles in the VAT -photopolymerization techniques by country. Source: Author.

Table 2. Number of results in the Scopus database for each search string and their subsequent filtering stages.

Search strin N° of Filter | Filter
J results 1 2
ALL ( nanocomposites ) ) AND (( additive ) AND (“sla”) 137 122 16

ALL ( “stereolithography”)) AND ( “nanocomposite” ) AND ( cost) 45 41 4

ALL (( nanocomposites) AND ((sla) OR ( stereolithography)) AND (

"life cycle™))

35 24 5

The second filtering stage was an extensive look up at the
title, abstract and keywords of each paper so articles not
referring to nanocomposites obtained by VAT
photopolymerization were excluded to ensure the
relevance of the final documents.

After a detailed analysis of the results obtained in the
second filter of search string 1, the number of articles
selected for the first part of the study on the
nanocomposites obtained by VVAT-photopolymerization
techniques was narrowed down to a total of 10
documents.

3. VAT photopolymerization

This first stage of the study focused on the analysis of the
results obtained in the first search string after the filtering
stages. The final 10 documents selected for this first stage
will be discussed and the results were classified into 5

different areas (graphite Nanocomposites, biomedical,
Nano cellulose, Nano-particles, and Nano-structures
using the VAT photopolymerization 3D printing
techniques. Table 3 presents the journals in which the
selected articles appeared as well as their main area of
impact and year of publication. The number of articles
per publication year is represented in Figure 4, and the
number of selected articles by area of application with its
corresponding percentage of participation is represented
in Figure 3.

All the 10 articles selected in this first stage had a deep
insight of the VAT photopolymerization technique which
consists of a layer-by-layer additive manufacturing
process in which a light stimulus initiates a focused
polymerization reaction on a photo sensitive resin. The
articles were grouped according to relevant technique,
materials, pre-processing and post-processing applied.
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Figure 2. Participation in the Stage 1 of the study by area of application. Source: Author.
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Figure 4. Number of articles per publication year. Source: Author.

Table 3. List of selected articles for the VAT-photopolymerization stage of the systematic review with their
corresponding publication year, journal, and main area of impact

Ref year Journal Area
[32] 2020 Polymers MDPI graphite Nano-composites
[33] 2020 Materials Science and Engineering R: Reports biomedical
[34] 2020 Journal of Applied Polymer Science Nano cellulose
[35] 2019 ACS Applied Materials and Interfaces graphite Nano-composites
[36] 2019 Nanomaterials MDPI Nano cellulose
[37] 2019 Composites Part B: Engineering graphite Nano-composites
[38] 2018 Polymers MDPI Nano-particles
[39] 2017 ACS Applied Materials and Interfaces graphite Nano-composites
[40] 2017 ACS Applied Materials and Interfaces Nano cellulose
[41] 2015 Polymers for Advanced Technologies Biomedical

3.1. Stereolithography (SLA) resolution of the printed part is the size of the beam itself.

Figure 1 shows a schematic set up of an SLA device.
The stereolithography 3D printing technique (usually  Table 4 shows the studies in which an SLA apparatus was
referred to as SLA) consists of the curing of a specific ~ used, along with the kind of printer used and the main
point of a layer of the part to be printed, this is usually ~ improved feature with the addition of the nano-filler.
obtained by means of a focused laser beam, thus the final
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Table 4. Articles that used an SLA apparatus

Ref Device | Technique Improved features
[32], [39] Form 1+ SLA stiffness, tensile strength, thermal conductivity
[33] NR SLA Continuous printing
[34] Autocera SLA Tensile strength, modulus
[35], [38], [40] | Form2 SLA Tensile strength, ductility

3.2. Digital light processing (DLP)

The digital light processing 3D printing technique
(usually referred to as DLP) consists of the curing of an
entire layer of the part to be printed. This is usually
achieved by using either a UV display or a UV light
projector, which projects the geometry of a complete
layer at the same time, thus achieving faster printing but
reducing the resolution of the print, as such resolution is
now the pixel size of the screen or projector. Figure 1
shows a schematic set up of a DLP device. Table 5 shows
the studies in which a DLP apparatus was used, along
with the kind of printer used and the main improved
feature with the addition of the Nano reinforcement.

Table 5. Articles that used a DLP printing technology

Ref Device Technique I;nproved
eatures
Duplicator .
[36] D7 + DLP Tensile strength
Envisiontec Tensile strength,
(4111 perfactory3 DLP E Modulus,
toughness
Autodesk compression
[37] 3ds Max DLP stress
3.3. Materials

In this section, different materials used throughout the 10
articles will be listed (Table 6), as well as enhancements
in properties achieved by both Vat photopolymerization
techniques. The materials used were classified into
matrix materials and Nano-reinforcements. Figure 5
shows different types of Nano-reinforcements used in the
studies with its corresponding participation.

All the studies used nano-sized particles to reinforce the
polymeric matrixes. Most of the studies used an acrylic
or methacrylic acid resin [33], [35], [36], [37], [38], [39],
while only 3 of the studies used a custom mixture of
resins to achieve their final nanocomposite matrix [32],
[40], [41].

J. O. Palaganas et al. [35] and J. Z. Manapat et al. [39]
did not purchase a commercial nano-reinforcement,

instead, they both synthetized graphene oxide (GO) and
obtained these nanoparticles through laboratory-
controlled chemical reactions and then freezing and
grinding the resulting GO material to obtain the end-use
nano GO.

Not Reported
Hydroxiapatite 9%
Nano-crystals
9%

Cellulose Nano-
fillers
27%
Silver Nano-
particles
9%

Graphene Nano-
fillers
37%

Carbonyl iron
Nano-fillers
9%

Figure 3. Nano-fillers used with its corresponding
percentage participation in the articles. Source: Author.

3.4. Pre-processing

In the field of nanocomposites obtained by Vat-
photopolymerization, a wide range of preprocessing
techniques is usually required to ensure the dispersion of
the reinforcements within the resin. This can be reflected
on the selected documents as all of them required a sort
of preprocessing technique, from simple mechanical
stirring to complex surface abrasion of the Nano-fillers.
Mixing the resin and the Nano-fillers is a crucial
preprocessing step to homogeneously disperse the
reinforcement into the resin and to avoid agglomeration
of fillers [2], as this will result in uncured or partially
cured spots. Three of the studied articles used sonication
as mixing method [34], [39], [40], some others focused
on performing a surface abrasion or treatment of the
nanoparticles to assure a proper matrix-reinforcement
bonding [36], [37], [39], [41], as some particles showed
hydrophobic properties which decreased the successful
addition of the Nano fillers. All of the different pre-
processing strategies used in the analyzed articles are
shown in Table 6.
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Table 6. Matrix and Nano-reinforcement materials used in the studied articles, as well as the pre and post processing

used
Ref Matrix Filler Enhancements Pre-processing Post-processing
Form Clear v2 GNP . hlgh-ghear IPA wash, 60°C
[32] | (acrylic monomers Young's Modulus mixing, heating, UV post-
. (avanGRP-40) e L
and oligomers) degasification cure
[33] Highly hydrated NR continuous printing oxyg_en-pe_rmeable NR
polymer build window
Methacrylic acid Cellulose Nano- strength, thermal ultra-sonlcqtlon, 160°C heating, UV
[34] . L freeze drying,
(MA) resin crystals stability grinding post-cure
L . synthetized IPA wash, 60°C
[35] Methacryllc_amd Graphene Oxide Tensile S_”_ength' Graphene oxide, heating, UV post-
(MA) resin ductility o
grinding cure
Polyurethane
Cellulose Nano- . cellulose surface | IPA wash, UV post-
[36] acrylfetseli—rt])ased fibrils Tensile strength PEG treatment cure
Ponmef[hyI— ; graphene, Tensile strength, electro-chemical EtOH 99% wash,
(371 methacrylic resin carbonyl iron thermal exfoliation UV post-cure
(Tethon 3D) y conductivity P
[38] Acrylic resin silver salt Tensile strength, %\;err:s'%h;:;'ﬁn? IPA wash, thermal
(Ebecryl 7100) (AgNP's) ductility Salt g post-cure @90°C
acetone- .
. . . . C IPA wash, mild
Acrylic resin . Stiffness, Tensile sonication, . Y
[39] (FLGPGRO?) Graphene Oxide strength mixture annealing @50 C&
S 100°C
Itrasonication
Poly(ethylene
[40] glycol) diacrylate | Cellulose Nano- Tensile strength, mixture phosphate-buffered
(PEGDAS575) crystals ductility ultrasonication saline (PBS) wash
based hydrogel
PTMC-MA resin
and PTMC- hydroxyapatite | Tensile strength, E Cold—_l\/!eth_anol propylene
[41] . precipitation, carbonate/ethanol
MA/nHA resins Nano-crystals modulus L
. stirring wash
(custom mix)

3.5.  Post-processing

Both Vat-photopolymerization techniques studied in this
review produce a semi green part, which means that there
is no complete reaction of the cross-linked
photopolymerization thus generating a mandatory post-
processing, requiring both a cleaning wash for uncured
resin leftovers [42] and a post curing process to ensure
the full reaction in the end nanocomposite. All the articles
analyzed in this study used either of the aforementioned
post treatments, some of them even used a heating
process during or after the post curing process. All the
post cured parts in the articles used either thermal [43] or
UV [44] in the final cure of the nanocomposite.

Five of the ten articles reported the use of isopropyl
alcohol (IPA) to wash out the remains of uncured resin
[32], [35], [36], [38], [39]. At the same time, most of
them used a thermal curing, as heat is known to emit light
in the non-visible spectrum. Ovens were used to finish
the curing process in 5 of the studies [32], [34], [35], [38],
[39]. In addition, there were several documents that
reported the use of UV post curing machines [32], [34],
[35], [37] to ensure the complete curing of the end parts.

Two of the studies reported the use of ethanol to wash out
the uncured resin [37], [41] instead of the usual IPA
wash.



4, Cost Analysis

The search string 2, which was a refined search of the
Table 7 shows these documents with their corresponding
publication year, journal and country. The search string
2, which was a refined search of the articles related to the
VAT-photopolymerization techniques with the word
‘costs’, initially returned 45 results. However, most of the
results did not actually state cost related information.
Most of them just mentioned the word ‘cost’ in terms like
‘low cost’, ‘high costs’, and alike. Thus, this second stage
study will only focus on 4 articles considered the
relevance to the cost Analysis.

Table 7. Cost related articles with their corresponding
country, journal and publication year

Ref ;L;t: Journal Country
Nanomaterials .
[45] | 2020 NDPI China
Progress in United
[46] | 2020 Materials Science States
1471 | 2019 Journal of China
Nanomaterials
Additive United
[48] | 2018 Manufacturing States

In this section of the systematic review, 2 important
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4.1. Device cost

Table 8 shows a list of the printing devices used in the
documents from search string 1, 2 and 3 with the
corresponding used VP technique, device purchase cost
range, and their main features of dimensions and power.

Mubarak et al. [45], as well as Feng et al. [47] insisted
that VP technologies were considered as low-cost AM
techniques. In contrast, Dizon et al. [48] mentions SLA
techniques as being high energy consuming due to the
usage of lasers that results into high heat losses, which is
indirectly converted into money loss. Wu et al. referred
to VP produced parts as being ‘cost-effective’ and
emphasized on the importance of this factor for hearing
aids, orthopedics and prosthetics, and surgical guides and
models [49].

4.2. Material cost

None of the 19 articles from this study presented any sort
of material purchase costs, nor compared costs of either
the resins or the reinforcements.

There are many technology suppliers involved in the
process of AM of nanocomposites. The documents
analyzed in this section did not present the purchase costs
of their printing devices. Though all of them mentioned
the word ‘cost’, none of them showed an interest in the

topics were identified to be analyzed, which were both ~ €conomic aspects of the producing of their
the device and Material costs. nanocomposite materials obtained by VP.
Table 8. Technology cost of various apparatuses used in the study
Ref Device Type | Reported Dimensions/Power | Cost range (USD) | Source
Build Volume: 120 x 68 x
[36] Duplicator D7 + | DLP 180mm 700 - 1,000 [55]
Power: 48 W
Envisiontec Size: 73 x48 x135cm
[41] Perfactory 3 DLP XY accuracy: 0,05 mm 50,000 -110,000 [56]
[17] Form1+ | sLa | Dimensions:30x28xd5cm | 5599 3600 | [57], [5¢]
Power: 60 W ' ' '
Dimensions: 34.5 x 56 x 79 cm
[21], [24], [26] form 2 SLA Power- 65 W 3,500 - 4,000 [59]
Printing volume: 115 x65x155
[47] Photon SLA Power: 40W 230 - 300 [60]
[45] Dream 3D-C200 | SLA NF NF NF

NF: Not Found
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5. Life cycle assessment (LCA)

On this third stage of the study, articles that are related to
VP technologies, nanocomposites and Life cycle
assessment were of interest. 35 articles were initially
scouted by the Scopus database, after their subsequent
filtering and analysis of abstract, title, and keywords.
Only 5 articles out of the initial 35 documents mentioned
the compound term of ‘life cycle assessment’ or LCA.
LCA is a technique used to evaluate the potential
environmental impact of a product life cycle starting
from the raw materials involved in its fabrication, to the
final product and disposal [50].

Diagrams showing general LCA processes were shown
in reference [51]. LCA of 4D printed parts with VP
techniques was commented by Rastogi et al. [25]. In
some studies, the term LCA was not used, and a LCA was
not considered, however, they discussed the production
of VP printed parts for environmental purposes [42],
[43], which related the final printed parts directly to the
life cycle of such technologies.

Khosravani et al. [54]. studied the LCA of various AM
techniques, including SLA. They manifested their
concerns about the environmental impact of SLA
technology due to the high energy consumption from this
technology compared to other more environmentally
friendly AM techniques. Table 9 shows the articles
studied in this third stage classified by their area of
environmental impact.

Table 9. Environmental and LCA related articles

Ref | Year Journal Area ot
impact
[53] | 2017 | Advanced Science Energy
Chemical .
[25] | 2019 Engineering Journal Degradation
Journal of Water
[52] | 2019 Process water quality
Engineering
Chemical
Engineering . .
[51] | 2020 Research and air quality
Design
1541 | 2020 Applied Materials waste, energy,
Today air quality

6.  Analysis and results

In the articles from stage 1, the procedures for material
characterization and mechanical properties assessment
are well known, as well as correctly applied because all
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of them material characterization and mechanical
analysis of the materials were performed before and after
the creation of the nanocomposite material.

Only one of the documents [33] did not report the used
nano filler, this article was related to 3D printed
hydrogels. Neither did Liet al. [33] reported any post-
treatments that can be applied to these nanocomposite
materials. Geven et al. [41] were the only reporting a
compound post wash of propylene carbonate/ethanol for
the removal of uncured resin leftovers. The reason was
that the final nanocomposite material was intended to be
used as an orbital implant, and the removal of such
leftovers was of prime importance.

The use of heat post curing processes in ovens, instead of
direct UV light post curing in most of the analyzed
articles, shows a trend on the combination of post
processes to ensure the proper achievement of desired
mechanical, thermal and electrical properties of the
nanocomposite materials. One of the studies [45]
allegedly used a SLA apparatus that was not possible to
find information of, presumably either an own-built
device or the model name. A web search was performed
trying to find information about it and the results showed
that such a device has only been used in S. Mubarak et
al. [45] work, and their study was the only one from the
selected articles in this review to use TiO2 nanoparticles
(TNPs) as reinforcement. Also, Zuo et al. [37] did not
report the device used in their study; however, they did
report the software used to create the CAD models to be
printed, which was reported to be ‘Autodesk 3D max’.
Autodesk company has a single 3D VP printer, which is
known under the name of ‘EMBER 3D desktop printer’
that the company stopped producing due to reasons that
are not a concern of this review.

Y. Zuo et al. [37] study showed a remarkable feature of
iron-polymethyl and graphene-carbonyl nanocomposites
which were used for the successful absorption of
microwaves. They advocate such increase in absorbing
properties as being related to the magnetic loss of the
carbonyl-iron powder (CIP) microspheres.

Referring to material properties obtained within the
studied articles, De Ledén et al. [32] showed an
improvement in the electrical conductivity of the printed
nanocomposite. Mohan et al. [36] managed to achieve up
to a 37% enhancement in the tensile strength of
PU-3%CNF/rGO by using surface-grated nanocellulose.
All the documents reported an enhancement in the
mechanical properties compared to the those of the resin
without nanofillers.
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Regarding the second stage of the study, which focused
on the costs involved around SLA and DLP techniques,
several findings can be discussed. Even though the
purpose of most academic research is not to offer the
reader an economic analysis involving the production,
technologies and material costs, we consider this be of
prime importance for the modern industrial world, which
seeks a constant balance between investment and profits.
Therefore, we proposed the creation of a report in which
technologies around VAT photopolymerization and its
corresponding purchase costs are reported.

With such parameters, the procedure that estimates the
production costs of nanocomposite materials obtained by
either SLA or DLP techniques can be easily attainable,
for both retail and mass production of nanocomposite
parts.

Although the articles did not comment, discuss or
recommend any of the devices used for their studies,
several reviews have been made of each of the used
apparatuses. The Duplicator D7+ along with the
Anycubic Photon are among the most affordable VP
machines, they both have a decent print resolution and
very similar print volumes, therefore making them a very
decent option for the manufacture of nanocomposites for
personal use. Form 1+ and Form 2 printers have a bigger
printing volume, and their manufacturer offers a wide
range of spare parts, customer service and extensive
background of its technologies, which makes these 2
printers a little more suitable for commercial printing.
For massive commercial production of cured resin parts,
the Envisiontec Perfactory 3 is more suitable due to its
printing volume; however, its purchase costs are very
high and such high volume may not be entirely used in
the production of nanocomposites.

For the LCA, no follow up of the life cycle of the raw
materials, was performed, and only the end parts were
related to environmentally friendly applications. Many
materials and processes were recently developed with
AM aiming sustainability [61] and circular economy
[15], which can help in solutions to some of the major
issues is facing now the humanity with global warming.

Concerns were manifested about the use of these
technologies because of the type of electrical energy
source, as none of the studies ran their machines with
alternative energy produced electricity.

7. Conclusions
This systematic review shows that the application fields

of composite materials can be extended towards the nano
and micron scales mainly because of the feasibility of

L. D. Gil, I. L. de Camargo, E. I. Gutiérrez -Velasquez, H. A. Colorado

producing nanocomposite parts by using the SLA and
DLP technologies, being able to produce materials with
enhanced mechanical and electrical properties, with
features in geometry and precision difficult to achieve in
conventional manufacturing processes.

Several factors are involved in the end-product cost of
each printed part. None of the analyzed papers presented
a way to estimate the final printed nanocomposite cost,
therefore, a research opportunity that considers the
estimation of the full costs of manufacturing a
nanocomposite material using these technologies
emerges. We suggest including estimation factors such
as: device purchase cost, matrix and reinforcement
purchase cost, electric energy consumption of the device,
printable volume and device up-times and maximum
printable volume.

Regarding Life Cycle Assessment, a new research
opportunity opens up with this study, as 3D printed parts
with these technologies do not study an energy-cost
balance and analyzing the production costs of these
composite materials from renewable energy sources can
be a trend in the field.

Funding

Authors of this project acknowledge to Rectoria and
Vicerrectoria de Extension from Universidad de
Antioquia for the full support to this project.

Autor Contributions

L. D. Gil: Conceptualization, Data curation,
Investigation, Writing — original draft, Writing — review
& editing. I. L. de Camargo: Investigation, Validation,
Writing — review & editing. E. |. Gutierrez-Velasquez:
Investigation, Validation, Writing — review & editing. H.
A. Colorado: Conceptualization, Methodology, Project
administration, Supervision, Writing — original draft.

All authors have read an agreed to the published version
of the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.
Institutional Review Board Statement
Not applicable.

Informed Consent Statement

Not applicable.



Systematic overview of nanocomposites obtained by VAT photopolymerization techniques: A cost and life

cycle assessment approach

References

[1]1 I. Gibson, D. W. Rosen, B. Stucker, Additive
Manufacturing Technologies. Boston, MA: Springer US,
2010, doi: https://doi.org/10.1007/978-1-4419-1120-9

[2] A. Medellin, W. Du, G. Miao, J. Zou, Z. Pei, C.
Ma, “Vat Photopolymerization 3D Printing of
Nanocomposites: A Literature Review,” J. Micro Nano-
Manufacturing, vol. 7, no. 3, Sep. 2019, doi:
https://doi.org/10.1115/1.4044288

[3] J.l.Park, G.Y. Lee, J. Yang, C.S. Kim, S. H. Ahn,
“Flexible ceramic-elastomer composite piezoelectric
energy harvester fabricated by additive manufacturing,”
J. Compos. Mater., vol. 50, no. 12, pp. 1573-1579, 2016,
doi: https://doi.org/10.1177/0021998315577685

[4] K. Agarwal, S. K. Kuchipudi, B. Girard, M.
Houser, “Mechanical properties of fiber reinforced
polymer composites: A comparative study of
conventional and additive manufacturing methods,” J.
Compos. Mater., vol. 52, no. 23, pp. 3173-3181, 2018,
doi: https://doi.org/10.1177/0021998318762297

[51 J. L. Lipton, M. Cutler, F. Nigl, D. Cohen, H.
Lipson, “Additive manufacturing for the food industry,”
Trends Food Sci. Technol., vol. 43, no. 1, pp. 114-123,
May 2015, doi:
https://doi.org/10.1016/j.tifs.2015.02.004

[6] M. Valente, A. Sibai, and M. Sambucci,
“Extrusion-Based Additive Manufacturing of Concrete
Products: Revolutionizing and Remodeling the
Construction Industry,” J. Compos. Sci., vol. 3, no. 3, p.
88, Sep. 2019, doi: https://doi.org/10.3390/jcs3030088

[71 L. A. Vergara, H. A. Colorado, “Additive
manufacturing of Portland cement pastes with additions
of kaolin, superplastificant and calcium carbonate,”
Constr. Build. Mater., vol. 248, p. 118669, 2020, doi:
https://doi.org/10.1016/j.conbuildmat.2020.118669

[8] T. S. Preview, “International Standard ISO /
ASTM Additive manufacturing — General principles —
Terminology iTeh STANDARD PREVIEW,” vol. 5,
2015, [Online]. Available:
https://standards.iteh.ai/catalog/standards/sist/d9adc3ce-
cab1-4¢21-b508- 00fbbe01687d/iso-astm-52900-2015

[9] PWC, 2021, [Online].  Auvailable:
http://www.pwc.com/us/en/industrialproducts/assets/3d-
printing-next_manufacturing-chartpack-pwec.pdf

Revista UIS
U I N |
124 Ingenierias

==

[10] L. Cavallo, A. Marciano, M. Cicciu, G. Oteri, “3D
Printing beyond Dentistry during COVID 19 Epidemic:
A Technical Note for Producing Connectors to Breathing
Devices,” Prosthesis, vol. 2, no. 2, pp. 46-52, Apr. 2020.

[11] F.P. W. Melchels, J. Feijen, D. W. Grijpma, “A
review on stereolithography and its applications in
biomedical engineering,” Biomaterials, vol. 31, no. 24,
pp. 6121-6130, Aug. 2010, doi:
https://doi.org/10.1016/j.biomaterials.2010.04.050

[12] F. Ganovelli, M. Corsini, S. Pattanaik, M. Di
Benedetto, Introduction to Computer Graphics.
Chapman and Hall/CRC, 2014, doi:
https://doi.org/10.1201/b15978

[13] R. Attfield, “Sustainability, Global Warming,
Population Policies and Liberal Democracy,” in
Sustaining Liberal Democracy, London: Palgrave
Macmillan UK, 2001, pp. 149-160, doi:
https://doi.org/10.1057/9781403900791_9

[14] M. Baumers, C. Tuck, D. L. Bourell, R.
Sreenivasan, R. Hague, “Sustainability of additive
manufacturing: measuring the energy consumption of the
laser sintering process,” Proc. Inst. Mech. Eng. Part B J.
Eng. Manuf., vol. 225, no. 12, pp. 2228-2239, Dec. 2011,
doi: https://doi.org/10.1177/0954405411406044

[15] H. A. Colorado, E. I. G. Veldsquez, and S. N.
Monteiro, “Sustainability of additive manufacturing: the
circular economy of materials and environmental
perspectives,” J. Mater. Res. Technol., vol. 9, no. 4, pp.
8221-8234, Jul. 2020, doi:
https://doi.org/10.1016/j.jmrt.2020.04.062

[16] H. Gu et al, “Magnetic polyaniline
nanocomposites toward toxic hexavalent chromium
removal,” RSC Adv., vol. 2, no. 29, p. 11007, 2012, doi:
https://doi.org/10.1039/c2ra21991c

[17] J. Zhu et al., “Magnetic nanocomposites for
environmental remediation,” Adv. Powder Technol., vol.
24, no. 2, pp. 459-467, Mar. 2013, doi:
https://doi.org/10.1016/j.apt.2012.10.012

[18] J. A. Vara, P. N. Dave, and V. R. Ram,
“Nanomaterials as modifier for composite solid
propellants,” Nano-Structures & Nano-Objects, vol. 20,
p. 100372, Oct. 2019, doi:
https://doi.org/10.1016/j.nan0s0.2019.100372


https://doi.org/10.1007/978-1-4419-1120-9
https://doi.org/10.1115/1.4044288
https://doi.org/10.1177/0021998315577685
https://doi.org/10.1177/0021998318762297
https://doi.org/10.1016/j.tifs.2015.02.004
https://doi.org/10.3390/jcs3030088
https://doi.org/10.1016/j.conbuildmat.2020.118669
https://standards.iteh.ai/catalog/standards/sist/d9adc3ce-ca51-4c21-b508-%2000fbbe01687d/iso-astm-52900-2015
https://standards.iteh.ai/catalog/standards/sist/d9adc3ce-ca51-4c21-b508-%2000fbbe01687d/iso-astm-52900-2015
http://www.pwc.com/us/en/industrialproducts/assets/3d-printing-next_manufacturing-chartpack-pwc.pdf
http://www.pwc.com/us/en/industrialproducts/assets/3d-printing-next_manufacturing-chartpack-pwc.pdf
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1201/b15978
https://doi.org/10.1057/9781403900791_9
https://doi.org/10.1177/0954405411406044
https://doi.org/10.1016/j.jmrt.2020.04.062
https://doi.org/10.1039/c2ra21991c
https://doi.org/10.1016/j.apt.2012.10.012
https://doi.org/10.1016/j.nanoso.2019.100372

12

[19] S.S.Rao, “Hierarchical nanospheres of NiCoS/NF
for high-performance supercapacitors,” Nano-Structures
& Nano-Objects, vol. 19, p. 100366, Jul. 2019, doi:
https://doi.org/10.1016/j.nan0s0.2019.100366

[20] R. D. Farahani, M. Dubé, D. Therriault, “Three-
Dimensional Printing of Multifunctional
Nanocomposites: Manufacturing  Techniques and
Applications,” Adv. Mater., vol. 28, no. 28, pp. 5794—
5821, Jul. 20186, doi:
https://doi.org/10.1002/adma.201506215

[21] Y.Zhangetal., “Additive manufacturing of carbon
nanotube-photopolymer composite radar absorbing
materials,” Polym. Compos., vol. 39, no. S2, pp. E671-
E676, May 2018, doi: https://doi.org/10.1002/pc.24117

[22] K.Kimetal., “3D Optical Printing of Piezoelectric
Nanoparticle—Polymer Composite Materials,” ACS
Nano, vol. 8, no. 10, pp. 9799-9806, Oct. 2014, doi:
https://doi.org/10.1021/nn503268f

[23] A. Morelli, D. Puppi, and F. Chiellini, “Polymers
from Renewable Resources,” J. Renew. Mater., vol. 1,
no. 2, pp. 83-112,  Apr. 2013, doi:
https://doi.org/10.7569/JRM.2012.634106

[24] N. Matsuhisa et al., “Printable elastic conductors
by in situ formation of silver nanoparticles from silver
flakes,” Nat. Mater., vol. 16, no. 8, pp. 834-840, Aug.
2017, doi: https://doi.org/10.1038/nmat4904

[25] P. Rastogi and B. Kandasubramanian,
“Breakthrough in the printing tactics for stimuli-
responsive materials: 4D printing,” Chem. Eng. J., vol.
366, pp. 264-304, Jun. 2019, doi:
https://doi.org/10.1016/j.cej.2019.02.085

[26] P. Mohanty, R. Mahapatra, P. Padhi, C. V. V.
Ramana, and D. K. Mishra, “Ultrasonic cavitation: An
approach to synthesize uniformly dispersed metal matrix
nanocomposites—A review,” Nano-Structures & Nano-
Objects, wvol. 23, p. 100475, Jul. 2020, doi:
https://doi.org/10.1016/j.nan0s0.2020.100475

[27] D. Tranfield, D. Denyer, and P. Smart, “Towards
a Methodology for Developing Evidence-Informed
Management Knowledge by Means of Systematic
Review,” Br. J. Manag., vol. 14, no. 3, pp. 207-222,
2003, doi: https://doi.org/10.1111/1467-8551.00375

[28] A. Paesano, “Polymeric Additive Manufacturing :
Present Status and Future Trends of Materials and
Processes,” 2016.

L. D. Gil, I. L. de Camargo, E. I. Gutiérrez -Velasquez, H. A. Colorado

[29] P.H. Lee, H. Chung, S. W. Lee, J. Yoo, and J. Ko,
“Review: Dimensional Accuracy in  Additive
Manufacturing Processes,” in Volume 1: Materials;
Micro and Nano Technologies; Properties, Applications
and Systems; Sustainable Manufacturing, Jun. 2014. doi:
https://doi.org/10.1115/MSEC2014-4037

[30] J. Deckers, J. Vleugels, and J. P. Kruth, “Additive
manufacturing of ceramics: A review,” J. Ceram. Sci.
Technol., vol. 5, no. 4, pp. 245-260, 2014, doi:
https://doi.org/10.4416/JCST2014-00032

[31] P. M. Dickens, “Research Developments in Rapid
Prototyping,” Proc. Inst. Mech. Eng. Part B J. Eng.
Manuf., vol. 209, no. 4, pp. 261-266, 1995, doi:
https://doi.org/10.1243/PIME_PROC_1995 209 082_0
2

[32] A.S.De Le6n and S. 1. Molina, “Influence of the
Degree of Cure in the Bulk Properties of Graphite
Nanoplatelets Nanocomposites Printed via
Stereolithography,” Polymers (Basel), vol. 12, no. 5, p.
1103, May 2020, doi:
https://doi.org/10.3390/polym12051103

[33] J. Li, C. Wu, P. K. Chu, and M. Gelinsky, “3D
printing of hydrogels: Rational design strategies and
emerging biomedical applications,” Mater. Sci. Eng. R
Reports, vol. 140, p. 100543, Apr. 2020, doi:
https://doi.org/10.1016/j.mser.2020.100543

[34] B. Wang et al., “A physical and chemical double
enhancement strategy for 3D printing of cellulose
reinforced nanocomposite,” J. Appl. Polym. Sci., vol.
137, no. 39, p. 49164, Oct. 2020, doi:
https://doi.org/10.1002/app.49164

[35] J. O. Palaganas, N. B. Palaganas, L. J. I. Ramos,
and C. P. C. David, “3D Printing of Covalent
Functionalized Graphene Oxide Nanocomposite via
Stereolithography,” ACS Appl. Mater. Interfaces, vol. 11,
no. 49, pp. 46034-46043, Dec. 2019, doi:
https://doi.org/10.1021/acsami.9b12071

[36] D.Mohan, M. S. Sajab, H. Kaco, S. B. Bakarudin,
and A. Mohamed Noor, “3D Printing of UV-Curable
Polyurethane  Incorporated with  Surface-Grafted
Nanocellulose,” Nanomaterials, vol. 9, no. 12, p. 1726,
Dec. 2019, doi: https://doi.org/10.3390/nan09121726


https://doi.org/10.1016/j.nanoso.2019.100366
https://doi.org/10.1002/adma.201506215
https://doi.org/10.1002/pc.24117
https://doi.org/10.1021/nn503268f
https://doi.org/10.7569/JRM.2012.634106
https://doi.org/10.1038/nmat4904
https://doi.org/10.1016/j.cej.2019.02.085
https://doi.org/10.1016/j.nanoso.2020.100475
https://doi.org/10.1111/1467-8551.00375
https://doi.org/10.1115/MSEC2014-4037
https://doi.org/10.4416/JCST2014-00032
https://doi.org/10.1243/PIME_PROC_1995_209_082_02
https://doi.org/10.1243/PIME_PROC_1995_209_082_02
https://doi.org/10.3390/polym12051103
https://doi.org/10.1016/j.mser.2020.100543
https://doi.org/10.1002/app.49164
https://doi.org/10.1021/acsami.9b12071
https://doi.org/10.3390/nano9121726

Systematic overview of nanocomposites obtained by VAT photopolymerization techniques: A cost and life

cycle assessment approach

[37] Y.Zuo, Z.Yao, H. Lin, J. Zhou, J. Lu, and J. Ding,
“Digital ~ light processing 3D  printing of
graphene/carbonyl iron/polymethyl methacrylate
nanocomposites for efficient microwave absorption,”
Compos. Part B Eng., vol. 179, p. 107533, Dec. 2019,
doi: https://doi.org/10.1016/j.compositesh.2019.107533

[38] G. Taormina, C. Sciancalepore, F. Bondioli, and
M. Messori, “Special Resins for Stereolithography: In
Situ Generation of Silver Nanoparticles,” Polymers
(Basel), vol. 10, no. 2, p. 212, Feb. 2018, doi:
https://doi.org/10.3390/polym10020212

[39] J. Z. Manapat, J. D. Mangadlao, B. D. B. Tiu, G.
C. Tritchler, and R. C. Advincula, “High-Strength
Stereolithographic 3D Printed  Nanocomposites:
Graphene Oxide Metastability,” ACS Appl. Mater.
Interfaces, vol. 9, no. 11, pp. 10085-10093, Mar. 2017,
doi: https://doi.org/10.1021/acsami.6b16174

[40] N. B. Palaganas et al., “3D Printing of
Photocurable Cellulose Nanocrystal Composite for
Fabrication ~ of  Complex  Architectures  via
Stereolithography,” ACS Appl. Mater. Interfaces, vol. 9,
no. 39, pp. 34314-34324, Oct. 2017, doi:
https://doi.org/10.1021/acsami.7b09223

[41] M. A. Geven et al., “Fabrication of patient specific
composite orbital floor implants by stereolithography,”
Polym. Adv. Technol., vol. 26, no. 12, pp. 1433-1438,
Dec. 2015, doi: https://doi.org/10.1002/pat.3589

[42] J. Z. Manapat, Q. Chen, P. Ye, and R. C.
Advincula, “3D Printing of Polymer Nanocomposites via
Stereolithography,” Macromol. Mater. Eng., vol. 302,
no. 9, p. 1600553, Sep. 2017, doi:
https://doi.org/10.1002/mame.201600553

[43] X. Feng, Z. Yang, S. Chmely, Q. Wang, S. Wang,
and Y. Xie, “Lignin-coated cellulose nanocrystal filled
methacrylate ~ composites  prepared via 3D
stereolithography printing: Mechanical reinforcement
and thermal stabilization,” Carbohydr. Polym., vol. 169,
pp. 272-281, Aug. 2017, doi:
https://doi.org/10.1016/j.carbpol.2017.04.001

[44] M. Gurr, Y. Thomann, M. Nedelcu, R. Kubler, L.
Konczol, R. Miilhaupt, “Novel acrylic nanocomposites
containing in-situ formed calcium phosphate/layered
silicate hybrid nanoparticles for photochemical rapid
prototyping, rapid tooling and rapid manufacturing
processes,” Polymer (Guildf)., vol. 51, no. 22, pp. 5058—
5070, Oct. 2010, doi:
https://doi.org/10.1016/j.polymer.2010.08.026

Revista UIS
U 22213
124 Ingenierias

==

[45] S. Mubarak et al., “Enhanced Mechanical and
Thermal Properties of Stereolithography 3D Printed
Structures by the Effects of Incorporated Controllably
Annealed Anatase TiO2 Nanoparticles,” Nanomaterials,
vol. 10, no. 1, p. 79, 2020, doi:
https://doi.org/10.3390/nan010010079

[46] H. Wu et al, “Recent developments in
polymers/polymer  nanocomposites  for  additive
manufacturing,” Prog. Mater. Sci., vol. 111, p. 100638,
Jun. 2020, doi:
https://doi.org/10.1016/j.pmatsci.2020.100638

[47] Z. Feng et al, “Graphene-Reinforced
Biodegradable Resin Composites for Stereolithographic
3D Printing of Bone Structure Scaffolds,” J. Nanomater.,
vol. 2019, pp. 1-13, Apr. 2019, doi:
https://doi.org/10.1155/2019/9710264

[48] J. R. C. Dizon, A. H. Espera, Q. Chen, and R. C.
Advincula, “Mechanical characterization of 3D-printed
polymers,” Addit. Manuf., vol. 20, pp. 44—67, Mar. 2018,
doi: https://doi.org/10.1016/j.addma.2017.12.002

[49] C. K. Daniel Kipper, Wilderich Heising, Gero
Corman, Meldon Wolfgang and V. Lukic, “Get Ready
for Industrialized Additive Manufacturing.” The Boston
Consulting Group (BCG), p. 19, 2017. [Online].
Auvailable:
https://www.bcg.com/publications/2017/lean-
manufacturing-industry-4.0-get-ready-for-
industrialized-additive-manufacturing

[50] J. Guinée et al., Handbook on LCA, operational
guide to the ISO standards. 2002.

[51] C. Bressot et al., “Sanding and analysis of dust from

nano-silica filled composite resins for
stereolithography,” Chem. Eng. Res. Des., vol. 156, pp.
23-30, Apr. 2020, doi:

https://doi.org/10.1016/j.cherd.2020.01.011

[52] H. A. Balogun, R. Sulaiman, S. S. Marzouk, A.
Giwa, and S. W. Hasan, “3D printing and surface
imprinting technologies for water treatment: A review,”
J. Water Process Eng., vol. 31, p. 100786, Oct. 2019, doi:
https://doi.org/10.1016/j.jwpe.2019.100786

[53] A. Zhakeyev, P. Wang, L. Zhang, W. Shu, H. Wang,
and J. Xuan, “Additive Manufacturing: Unlocking the
Evolution of Energy Materials,” Adv. Sci., vol. 4, no. 10,
p. 1700187, Oct. 2017, doi:
https://doi.org/10.1002/advs.201700187


https://doi.org/10.1016/j.compositesb.2019.107533
https://doi.org/10.3390/polym10020212
https://doi.org/10.1021/acsami.6b16174
https://doi.org/10.1021/acsami.7b09223
https://doi.org/10.1002/pat.3589
https://doi.org/10.1002/mame.201600553
https://doi.org/10.1016/j.carbpol.2017.04.001
https://doi.org/10.1016/j.polymer.2010.08.026
https://doi.org/10.3390/nano10010079
https://doi.org/10.1016/j.pmatsci.2020.100638
https://doi.org/10.1155/2019/9710264
https://doi.org/10.1016/j.addma.2017.12.002
https://www.bcg.com/publications/2017/lean-manufacturing-industry-4.0-get-ready-for-industrialized-additive-manufacturing
https://www.bcg.com/publications/2017/lean-manufacturing-industry-4.0-get-ready-for-industrialized-additive-manufacturing
https://www.bcg.com/publications/2017/lean-manufacturing-industry-4.0-get-ready-for-industrialized-additive-manufacturing
https://doi.org/10.1016/j.cherd.2020.01.011
https://doi.org/10.1016/j.jwpe.2019.100786
https://doi.org/10.1002/advs.201700187

14

[54] M. R. Khosravani and T. Reinicke, “On the
environmental impacts of 3D printing technology,” Appl.
Mater. Today, vol. 20, p. 100689, Sep. 2020, doi:
https://doi.org/10.1016/j.apmt.2020.100689

[55] A. Locker, “Wanhao Duplicator 7 (D7) Plus 3d
Printer — Review The Specs,” 2019.
https://all3dp.com/1/wanhao-duplicator-7-d7-plus-3d-
printer-review/

[56] EnvisionTEC, “EnvisionTEC Perfactory 3 Mini
Multi Lens overview.”
https://www.aniwaa.com/product/3d-
printers/envisiontec-perfactory-3-mini-multi-lens/

[57] Form Labs[Internet].Somerville, USA. Available
from: https://archive-media.formlabs.com/upload/Form-
1plus-overview-US.pdf

[58] FormLabs, “Formlabs Form 1+ overview.”
https://www.aniwaa.com/product/3d-printers/formlabs-
form1-2/

[59] A. Locker, “Formlabs Form 2 Review: Great Resin
3D Printer.” https://all3dp.com/formlabs-form-2-review-
price-sla-3d-printer/

[60] Anycubic, “Anycubic Photon.”
https://www.anycubic.com/products/anycubicphoton-
3d-printer.

[61] A. Olivera-Castillo, E. Chica-Arrieta, and H.
Colorado-Lopera, “Manufacturing processes, life cycle
analysis, and future challenges for wind turbine blades,”
Rev. UIS Ing., vol. 21, no. 4, Oct. 2022, doi:
https://doi.org/10.18273/revuin.v21n4-2022002

L. D. Gil, I. L. de Camargo, E. I. Gutiérrez -Velasquez, H. A. Colorado


https://doi.org/10.1016/j.apmt.2020.100689
https://all3dp.com/1/wanhao-duplicator-7-d7-plus-3d-printer-review/
https://all3dp.com/1/wanhao-duplicator-7-d7-plus-3d-printer-review/
https://www.aniwaa.com/product/3d-printers/envisiontec-perfactory-3-mini-multi-lens/
https://www.aniwaa.com/product/3d-printers/envisiontec-perfactory-3-mini-multi-lens/
https://archive-media.formlabs.com/upload/Form-1plus-overview-US.pdf
https://archive-media.formlabs.com/upload/Form-1plus-overview-US.pdf
https://www.aniwaa.com/product/3d-printers/formlabs-form1-2/
https://www.aniwaa.com/product/3d-printers/formlabs-form1-2/
https://all3dp.com/formlabs-form-2-review-price-sla-3d-printer/
https://all3dp.com/formlabs-form-2-review-price-sla-3d-printer/
https://www.anycubic.com/products/anycubicphoton-3d-printer
https://www.anycubic.com/products/anycubicphoton-3d-printer
https://doi.org/10.18273/revuin.v21n4-2022002

