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Preface

Three-dimensional (3D) printing has witnessed tremendous growth in the past

few decades. This technology offers unprecedented freedom to design and fabricate
complex geometric parts in a variety of applications in aerospace, automotive, energy,
building and construction, microelectronics, and biomedicine industries.

Recent developments and achievements demonstrate that this emerging technology
can potentially transform traditional subtractive manufacturing processes. Numerous
materials and products consisting of metals, ceramics, polymers, and composites have
already been applied in diverse engineering applications.

This book presents and discusses the recent developments and applications of 3D
printing in different fields such as biomedicine, health care, electronics, energy
storage, and environmental remediation. It highlights advancements in 3D printing
technology and offers a platform for materials researchers and scientists to share
outstanding research advances in this discipline.

I take this opportunity to thank all the contributing authors, co-authors, and publica-
tion staff from IntechOpen for their efforts in preparing this book. I hope that the
new research and knowledge presented herein will be the foundation for the innova-
tion of materials and technologies for humankind. I hope that readers enjoy this book
and that it will serve as an aid in creating and printing exciting new materials with
unique properties.

Dr. Ashutosh Sharma

Department of Materials Science and Engineering,
Ajou University,

Suwon, South Korea
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Chapter1

3D Printing and the Art World:
Current Developments and Future
Perspectives

Liselore N.M. Tissen

Abstract

3D printing’s rapid technological development is starting to impact the art field
because, for the first time, it has become possible to exactly reproduce and recon-
struct artworks without any loss of their physical features. Yet, a coherent overview
of how 3D printing is used within the art field while paying attention to ethical
considerations does not exist. This study will provide an overview of the current
developments of 3D printing in the art world, its use, and the direction it is moving
toward. Within this study, the technologies that enable, influence, and will continue
to affect the 3D reproduction of artworks, namely technologies necessary to capture
an artwork’s materials on a chemical and physical level, artificial intelligence (AI), 3D
printing technology itself, and the rise of the non-fungible token (NFT) are analyzed
to be able to understand what 3D printing implies for our changing perception of art
in the future.

Keywords: 3D printing, art, cultural heritage, authenticity, 3D scanning

1. Introduction

In 2011 CE, the British paper The Economist announced that 3D printing would
change the world:

“Three-dimensional printing makes it as cheap to create single items as it is to
produce thousands and thus undermines economies of scale. [...] Just as nobody could
have predicted the impact of the steam engine in 1750 CE — or the printing press

in 1450 CE, or the transistor in 1950 CE — it is impossible to foresee the long-term
impact of 3D printing. But the technology is coming, and it is likely to disrupt every
field it touches” [1].

Nowadays, it is possible to mass produce a large variety of objects in different
materials, complexities, shapes, and sizes: from boat propellers to nanochips as small
as a 1Ipm; from pizzas to pills, prosthetics and organs; and from firearms to entire
glass houses. As The Economist rightly predicted, it would be a matter of time before
3D printing would enter the art world. In contrast to other reproduction techniques
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(e.g., photography, augmented reality (AR), virtual reality (VR), handmade), 3D
printing not only replicates the whole three-dimensional object including its color
but also offers the ability to vary the texture of surfaces, translucency, and glossiness.
Moreover, due to the digital nature of this technology, it becomes easy to manipulate
and alter these material elements, making it possible to endlessly reproduce a diver-
sity of versions of one single artwork [2]. These factors also immediately appeal to
contemporary artists to use this fascinating technique as a new medium for artistic
expression and cultural reinterpretation, for example, American artist Mark Dion’s
Waiting for the Extraordinary (2013 CE), The Natural Sciences (2015 CE), and Leiden
University Phantom Cabinet (2017 CE). In this work, he used 3D printing to replicate
specimens from early scientific collections of Museum de Lakenhal, Natural History
Museum Naturalis, and Leiden University (e.g., a saw of a sawfish, a microscope, and
asword) and covered them with glow-in-the-dark paint (Figure 1). Furthermore, by
combining 3D printing with digital imaging techniques almost indistinguishable cop-
ies of oil-painted paintings can be created. Moreover, 3D prints can be made of mate-
rials that are more resistant to environmental conditions (like variations in humidity,
exposure to (day)light and temperature fluctuations) than traditional materials found
in artworks, making them possibly more durable and far less fragile than the original,
thus adding to the longevity of artifacts. Moreover, artificial intelligence (AI) and

the way it can use digital art historical and material information to be able to alter,
predict, and shed new light on the material state of an artwork and an artist’s creative
process is rapidly developing. Combining Al with 3D printing will undeniably have its
effects on the art field and our perception of art history.

This chapter aims to shed light on the way 3D printing currently impacts the art
field and the role it will have in the future. Firstly, it will be discussed which ethical
considerations to keep in mind when reproducing cultural heritage (CH) objects and
artworks. Based on the latter, an overview will be provided of how the technology is

Figure 1.
Mark Dion, Leiden University Phantom Cabinet, 2017 CE, detail, wood, polyamide, fluorescent paint, 2 x 3 x 3
m. Image by author.
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currently being used within the art field. Furthermore, the current status and devel-
opments within the technologies that enable, influence, and will continue to affect the
3D reproduction of art will be discussed. These enablers are the technologies neces-
sary to capture an artwork’s materials, Al, and 3D printing technology itself. This
chapter ends by showing what is on the horizon and what the continuous develop-
ment of these technologies potentially signifies for our perception of art in the future.

2. Art and authenticity

When considering the reproduction of art, one aspect that automatically comes to
mind is the authenticity granted to artworks. Authenticity is a complex and heavily
debated concept and continues to be of importance, especially with the introduction of
high-quality reproduction methods such as AR, VR, and 3D printing. Describing the
term authenticity is challenging as it is diverse, culturally determined, and personal
[3]. In the case of Western culture (the context in which this chapter is written),
Walter Benjamin’s essay (1936 CE) on “mechanical reproduction”—in his time photog-
raphy—has laid the foundation for the current way of thinking about the connection
between reproductions and original works of art [4]. He described that this type of
reproduction makes it possible to capture reality instantly at a high quality, facilitat-
ing the infinite display of artworks at any place and at any time. Consequently, the
exclusivity of art and heritage disappears, because the mechanical reproductions—3D
printing in our case—extracts the artwork from its tradition and meaning in history
because it can be anywhere at any time. This way, art loses its authentic experience or
“aura,” which is encapsulated in its unique materials. This way, “authenticity,” can still
be linked to the quality of being authentic, unique, or genuine. This aspect is automati-
cally linked to the material of the original artwork as the only true element that forges
a connection between the past and the now, with the beholder and the artist.

Although we have become more used to seeing artworks everywhere through
facsimiles, this has not led to a decreasing interest in the original. The popularity of
museums, where the original is highlighted, and the importance of conservation and
restoration to keep an artwork’s materials intact show that this has been increasing.
Seeing the massive crowds in front of Leonardo da Vinci’s Mona Lisa (1503 CE), it
could be argued that art’s popularity has resulted in the objectification of authentic-
ity and a greater emphasis on the artwork’s uniqueness, rejecting almost any form
of (physical) reproduction. With this definition of authenticity, 3D printing art and
CH objects cause a complex discussion. Namely, a 3D print can never comply with
originality in materials and could thus be labeled as “anti-authentic.”

However, there are an increasing number of studies that show a shift in the way
authenticity can be granted [5-7]. In an increasingly connected world through
digitalization and technological advancements, it would be short-sighted to consider
authenticity as something singular, static, and based on tangible and physical aspects
alone. Furthermore, the ephemeral character of contemporary artworks indicates that
art and CH’s value are also dependent on intangible and more conceptual qualities.
For instance, emotional and/or religious connections to an artwork, its significance in
a cultural context, the idea of the artist, or the functional qualities of the object. Thus,
only a small part of the notion of authenticity depends on the artwork as a material
expression of a fixed moment in time and space. Rather, “aura” should be seen asa
network, an interplay between the physical historical artifact and its intangible and
emotional and social values which is ever-changing.
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In this way, 3D printing artworks could be considered useful for the CH field.
Indeed, there are a growing number of studies on the perception of 3D-printed facsimi-
les confirming the significance of this technology in creating sustainable and durable
bonds between the beholder and the object [8]. Although the interest in the authenticity
of art and the unique object has not diminished, yet, because only one true material
version of the artwork exists and should be conserved for as long as possible, a 3D print
could be acceptable as long as it enhances the authentic value of the artwork and does
not pretend to be the original. What this means is that when considering the use of an
ethical 3D print, it should display or do something the original artwork cannot do due to
its fragile materials. For instance, the 3D print can make it possible to display an artwork
which is otherwise too fragile to travel; show an artwork without discolorations and
closer to what it must have looked like when it left the artist’s studio; present an object
in its original setting instead of in a carefully conditioned museum; or provide the
possibility to touch the artwork or artifact. With this in mind, through a 3D print, new
experiences and narratives can take place both inside and outside the museum, with
the indication of course that it is a copy and why it is there. Important to always keep
in mind, however, is the fact that reproductions both extend an artwork’s history and
connection with the public but, at the same time, freeze the artwork’s image and might
imprint a specific significance for generations to come. Therefore, consider what the
3D print communicates and why as it might impact the perception of the artwork in the
future. Of course, a 3D print will and can never replace the original, but it allows us to
think about the value of the artwork and the range of new connections between visitors
and artwork, making the original even more important. In this way, a 3D print could
provide a best-of-both-worlds scenario. By eliminating the need to make compromises
as every material aspect of the artwork can be reproduced, 3D printing is important to
the desire to keep in touch with the physical. At the same time, it can fulfill the need for
a more multifaceted story of one artwork sustainably and durably [5-9].

3. Current applications

Currently, 3D printing products are highly accurate and precise and can be made
with a wide variety of durable and inexpensive materials. Furthermore, in comparison
with traditional processes of creating physical reproductions, 3D printing is highly
flexible: The relative ease with which digital data can be modeled, scaled, modified, and
used has made the technology irresistible for the cultural heritage field [10]. Moreover,
as Moritz Neumiiller (Ph.D. in New Media) says: “3D Printing will not only become
vital in the field of reconstruction of objects, but also for research, documentation,
preservation and educational purposes, and it has the potential to serve these purposes
in an accessible and all-inclusive way” [11]. This rapid diffusion of 3D printing has
already had its effects in the field of cultural heritage and fine art museums as there are
various reasons for creating reproductions. The overview will be divided as follows:

¢ Restoration and reconstruction
* Documentation and accessibility
¢ Research and education

* Museum presentation and interaction
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3.1 Restoration and reconstruction

As various studies on the application of 3D technologies for conservation show,
3D printing is considered useful for the conservation, restoration, and preserva-
tion of artworks and CH [11, 12]. Yet, in the case of more 2D art forms such as
painting, the application of 3D printing is more challenging due to the complexity
and large range of the different materials used to create one single artwork [13].
Therefore, the exploration of 3D printing has mainly been applied in archaeology,
architecture, and sculpture for the conservation, restoration, and preservation
of damaged and fragmented or objects that do not exist anymore. An exemplary
case is the restoration of French impressionist Auguste Rodin’s (1840-1917 CE)
sculpture The Thinker (1881 CE). In 2007 CE, the statue was heavily vandalized
in the museum, and Singer Laren (The Netherlands) was burglarized [14]. In this
case, scanning the still existing original mold of the sculpture that was located
at the Rodin Museum in Paris made it possible to create positives of the missing
elements. This was used to create a cast (a negative) to fabricate corresponding
facsimiles of the sections of the statue that were missing, such as parts of its leg
and face. Similarly and one of the rare instances, when 3D printing is used to
restore a painting, is Vincent van Gogh’s Zeezicht bij Scheveningen (1881-1883 CE)
in 2019 CE [15]. Here, 3D printing was combined with photographs of the artwork
before it was damaged to reconstruct a mold for the piece of paint that was miss-
ing. In both instances, 3D printing was used to recreate missing parts using similar
materials to the original artwork. Additionally, there are multiple examples where
3D-printed copies were directly attached to the original artwork’s materials. A 3D
print’s compatibility and long-term stability make it an interesting method as there
is no intention to replace the parts frequently. An often referred to example is the
restoration of the fingers of one of the figurines on the tomb in the chapel of Villa
Borromeo d’Adda in Arcore (Italy) [16]. Based on a 3D scan of the broken hand
which was combined with a drawing of the complete statue when its fingers were
not missing, the restorers were able to reconstruct and eventually 3D print the
missing parts. The 3D-printed parts were painted in the colors of the marble and
attached to the statue using magnets, thus resulting in a non-invasive (and revers-
ible) restoration treatment.!

However, 3D printing has not only proven to be a useful technique for saving
artworks that are partially incomplete, fragmented, or damaged. The 3D reconstruc-
tion of Nineveh is an interesting example to show that 3D printing is a welcome
method to reconstruct artifacts or archaeological sites that have been lost entirely.
Here, black-and-white photographs made by archaeologists were used to recon-
struct the texture of the Bas-reliefs of the Southwest Palace of Sennacherib (700
BCE) in Nineveh (Iraq) [18]. This photographic information was translated into
3D printable data to recreate the reliefs that were destroyed by the Islamic State.
Furthermore, the reproduction of existing artworks may help restore the original
context they were displayed in. For example, renaissance painter Paolo Veronese’s
(1528-1588 CE) Wedding at Cana (1562-1563 CE) in Fondazione Giorgio Cini
(Venice)—of which the original hangs on opposite Leonardo da Vinci’s (1452-1519
CE) Mona Lisa (1503 CE) in the Louvre (Paris)—restored the original context the
artwork was made for [10, 19].

! To read more about similar projects executed by Mattia Mercante in collaboration with FormLabs see: [17].
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3.2 Documentation and accessibility

Not only did the previous examples show that 3D printing can be used to physi-
cally reconstruct parts or entire artworks for restoration purposes, but it also shows
that 3D printing can document lost artifacts and make them accessible once again.
This is exemplified by the Spanish company Factum Foundation which used 3D
printing to reproduce the Egyptian pharaoh Tutankhamun (2009) and pharaoh Seti’s
(2016) tombs located in Egypt’s Valley of the Kings in their entirety, including all
the details of the tombs” hieroglyph walls (Figure 2).” Not only did 3D scanning and
3D printing facilitate in making these tombs visible and tangible again without the
(further) destruction of the original site, but it also documented the current state of
the artifact’s materials both digitally and physically [12].

Yet, large-scale documentation of artifacts utilizing 3D printing is not solely limited
to accurately measuring, documenting, and sharing the current state of precious arti-
facts [12]. For example, as the Mauritshuis’ (The Hague) exhibition Rembrandt? The
Case of Saul and David (2015 CE) showed, 3D printing attributed to the reconstruc-
tion of the original composition of Rembrandt’s Saul ¢» David (1660 CE), a painting
that was sawn into pieces in the nineteenth century and later reassembled [21]. This
example shows 3D printing’s possibility of creating tangible representations of the cur-
rent and past features of an artwork or artifact without damaging the current physical
state of the original object [5].

Figure 2.

Facsimile and physical reconstruction of the “Hall of Beauties” for the exhibition Scanning Seti I: the Regeneration
of a Pharaonic Tomb (Antikenmuseum, Basel, 2017-2018 CE). Photo credits: Oak Taylor-Smith for Factum
Foundation [20].

* In this case, Factum Foundation used 3D printing to create a negative with an acrylic gesso. Subsequently,
they adhere a highly detailed 2D colored skin to this negative in order to create a high-definition facsimile.
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In addition, 3D printing’s digitization and the possibility to reproduce these CH
objects in various ways are automatically of great benefit for engagement with a larger
audience and for facilitating public programming. For example, the Smithsonian
Institution (Washington D.C.), The National Museum of Antiquities (Leiden), and
the Uffizi Gallery (Florence) digitized parts of their collections in 3D and present
these models on open-access forums (e.g., Sketchfab) or their own websites [22-24].
This way, their collections become accessible to people at home, in museums, or in
schools who can use these data to 3D print their artworks.

3.3 Research and education

The digitization and the physical documentation and preservation of historical
objects and artworks and their consequent accessibility are undeniably beneficial for
research on and about these objects as well as an aid for cultural education. In the case
of conservation and restoration, 3D printing can be considered useful in assisting
the monitoring of an artifact’s past, current, and future state, thus making it possible
to research the artwork’s material behavior [14]. The 3D prints at the Mauritshuis’
Facelifts & Makeovers exhibition (2022 CE) effectively demonstrated a work of art’s
metamorphosis due to restoration treatments [25]. The fact that one-to-one repro-
ductions of fragile artworks and artifacts can be made in large quantities makes it
possible to study these objects more extensively and, more importantly, in a different
way [12]. For example, for the Scanning for Syria project (2015-2018 CE), the fragile
Syrian clay tablets were 3D printed to aid researchers all over the world in research-
ing what was written on them. Instead of having to physically travel to an object, 3D
printing facilitates the accessibility of these objects for a larger group of researchers,
making it easier for various researchers to research the same object at the same time.
Furthermore, 3D printing’s materials and the use of a digital model as a starting point
allow the researcher to interact with and handle the cultural heritage objects freely
and differently, thus stimulating different kinds of approaches and ways of analyzing
them (e.g., through magnification or rearrangement). For example, 3D printing was
used as a practical method to better understand and scrutinize the physical qualities
of a few Palaeolithic limestone slabs [13]. 3D printing the heads of the figurines of
Laocoon and his sons (1540 CE) separately and at a larger scale, for the first time, it
became possible to study their expressions, which are otherwise inaccessible due to
the height of the statue (Figure 3). This way, 3D printing facilitates getting a better
sense of the object’s dynamics, shape, materials, and composition in space [8, 13].

Consequently, this can be beneficial in communicating these findings by using
these objects as a means of education. In the case of education, a project initiated
by Cornell University in 2008 CE is exemplary, in which 3D printing was used to
enable students to access and manipulate the archive of their archaeological collec-
tion [11, 13]. It was shown that the use of three-dimensional and physical models
was more helpful to the education of children and students than traditional methods
[26]. Some museums, such as the Metropolitan Museum of Art (New York) and The
Victoria & Albert Museum (London), have been experimenting with this technology
as a method to communicate with and educate their users (ranging from visitors to
researchers) within and outside of the museum’s walls [27]. As a few studies show,
3D printing’s use effectively stimulated the creative process of users and this could
potentially increase the ease with which cultural heritage objects around us are
understood [28]. For instance, the La Riscoperta di un Capolavoro (2020-2021 CE)
exhibition at Palazzo Fava, Bologna, showed that only printing the surface makes
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Figure 3.
3D print of Laocoon and his sons and 3D-printed heads.

it possible to understand the techniques used by artists to create relief and depth
without the distraction of color [29]. Thus, 3D prints can potentially stimulate new
ways of interacting with and studying art objects, therefore facilitating the possibility
to learn from them in a non-invasive way.

3.4 Museum presentation and interaction

In the case of museum presentations, 3D printing has been implemented in vari-
ous ways already [9]. One way is presenting a 3D-printed model next to the original
artwork. In this sense, a 3D print can fulfill something the original material does
not allow, such as the possibility to touch the object or show additional information
[11]. Furthermore, they can enhance interaction within the museum. An example of
this is the Museum Boijmans van Beuningen’s (Rotterdam) Sgrafitto in 3D exhibi-
tion (2009 CE) [30]. Here, 3D-printed reproductions of ceramic plates were placed
in front of the original artifacts, allowing the visitors to experience the weight,
dimension, and topography of the object in front of them and thus interact with
the artwork indirectly. Furthermore, as 3D printing provides a way of handling
an artwork without having to use (thus damage) its materials while being easily
adjustable as it is based on a digital model—it might be an interesting technology to
make art more accessible for people who cannot rely on sight only [10, 12, 31]. Hoy
toca el Prado (Touch the Prado today) exhibition was hosted in Madrid in 2015 and
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2021 CE permanently installed Feeling van Gogh exhibition at the van Gogh museum
(Amsterdam) used 3D prints of paintings to let the visitor explore their collection
through touch.’ By enhancing a portrait’s contours, 3D printing can be used to make
the paintings more accessible to visually impaired visitors [32]. Simultaneously, the
fact that artworks can be touched could make the experience of art in the museum
not only more interesting for children and students, but also possibly more effec-
tive [8-10]. Furthermore, 3D-printed facsimiles can replace an original when it

is absent because it cannot travel or because it is not available. For instance, a 3D
print of The Anatomy Lesson of Dr. Deijman (1723 CE) painted by Rembrandt van
Rijn (1606-1669 CE) (collection Amsterdam Museum, Amsterdam) was displayed
during Fondazione Prada’s Human Brains exhibition at the 59th Venice Biennale in
2022. Since the gallery does not own a permanent collection, they also displayed

a 3D-printed copy of Hieronymus Bosch’ The Extraction of the Stone of Madness
(1501-1505 CE) (collection E1 Museo del Prado, Madrid) and many other copies

Figure 4.
3D print of Rembrandt van Rijn, The Anatomy Lesson of Dr. Deijman, 1656, 0il on canvas, 100 x 134 cm,
Amsterdam Museuwm, Amsterdam—Photo by author, 3D print by Factum Foundation.

3 Touching the Prado (Hoy toca el Prado) in El Museo del Prado in Madrid is an ongoing exhibition that
exhibits 3D facsimiles of various paintings in the collection and invited the visitor to touch the works of
art. The exhibition was first held on January 20th, 2015. Feeling van Gogh in the Van Gogh Museum is
“an interactive programme developed especially for blind and partially sighted visitors and their sighted
friends, families and carers.” The exhibition has been part of the museum since 2021.
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Figure 5.
3D print of Hieronymus Bosch, The Extraction of the Stone of Madness, 1501-1505, 0il on oak panel, 48.5 x 34.5
cm. Museo del Prado, Madrid—Photo by authoy, 3D print by Factum Foundation.

as a way of durable and sustainable exhibition building (Figures 4 and 5). In this
regard, the curators argued that to them, the story of the exhibition is more impor-
tant than showing original works of art. This, subsequently, can open up a way for
museums to rethink the repatriation or decolonization of artifacts to their commu-
nities of origin for museums can become less attached to the originals. The Tlingit
prints in the Smithsonian, (Washington D.C.) are a great example of how creating
high-quality 3D prints helped rethink the role of objects and the museum in differ-
ent societies [33].

As this brief exploration of the use of 3D printing within the cultural heritage
field shows, 3D printing is starting to be implemented and its applications are being
explored. Furthermore, whereas the technology’s potential for architecture, three-
dimensional objects, and artworks such as sculptures is developing rapidly and is
being researched widely, the 3D reproduction of paintings has not received the same
amount of attention. A reason for this could be the fact that the technologies needed
to scan and 3D print paintings were not available or developed enough until 2015 CE.
Furthermore, the developments of 3D printing and other types of (digital) technolo-
gies will undeniably increase the use of 3D printing within the field. The following
section will analyze the technologies that enable the 3D reproduction of CH objects by
elaborating on the current status and developments of 3D scanning, and the involve-
ment of Al and 3D printing technologies.
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4. Capturing and digitizing artwork

To reproduce artworks, they must be digitally captured. Artworks are appreci-
ated because of many aspects, yet their aesthetic qualities are considered to be one
of the (if not the) most important features. To be able to scan artworks that all have
their unique dimensions, materials, and complexities, the following methods can be
considered the most relevant within the cultural heritage field [34]:

* Photogrammetry
* 3D scanning using structured light
* 3D laser scanning
* Computed tomography (CT)
4.1 Photogrammetry

Photogrammetry is a photographic method that measures data about an object
by analyzing the changes in position between several pictures taken from vari-
ous places and angles (with a minimum of two) [35]. After the images are taken,
the pictures are aligned and data points plotted, the distance and location of each
point in the 3D space can be calculated. Nowadays, this technology is often used
within the cultural heritage field because it is rather easy to use and set up as it
only requires taking high-quality (high pixels) digital photographs of an object to
digitize it into a 3D model.

Although this technology is very useful for capturing (large) three-dimensional
objects, it is not as useful in the case of surfaces that are flatter, and uniform without
a distinct appearance (e.g., paintings) as it is hard to create multiple angles. For this
reason, it is difficult to triangulate the small topographical irregularities, such as
craquelure patterns, which can be found on painted surfaces. Furthermore, capturing
highly reflective surfaces can be difficult. Another downside of this method is the fact
that the optimization of the camera’s position relative to the object is not calibrated,
making this method oftentimes less accurate than other 3D methods. Moreover, the
quality of the 3D model greatly depends on the underlying algorithm and assump-
tions or optimization used.

4.2 3D scanning using structured light

3D scanning through structured light uses the photography of a single point
of a (flat) surface from different angles. This way of 3D scanning uses the projec-
tion of a geometric pattern onto the artwork—usually a painting—of choice [35].
By photographing the irregularities and deformations in the projected pattern
from multiple angles, it is possible to generate the 3D data of the object. This way,
this scanning method is capable of capturing smaller topographic features such
as crack patterns. By using a fringe pattern, the data gathered are more precise
than the 3D information provided by photogrammetry. With the addition of a
polarization camera that takes images both with and without the reflection of
the surface, a painting’s glossiness can be captured simultaneously [36, 37]. This
topography, color and gloss information can be translated into 3D printable data.
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Yet, like photogrammetry, this method is less suitable for capturing highly reflec-
tive surfaces. Furthermore, because it is a photographic method, it can only record
where light can be reflected, making it hard if not impossible to obtain accurate
information on deeper sections.

4.33D laser scanning

Moving away from photographic methods, laser scanning uses either a static or
moving platform that controls the deflection of visible and invisible laser beams.
The laser source casts sequences of laser lines onto the surface [35]. These light waves
bounce off the surface of the 3D object and are reflected to the sensor. Subsequently,
the scanner can determine the three-dimensionality in two ways. The first method
is called the time-of-flight (ToF) method, in which the amount of time it took the
light beam to go back and forth is calculated. The second method is called triangula-
tion. Here, the known distance between the laser and the camera together with the
known angle at which the camera was placed is used to calculate the exact distance
between the laser and the object millions of times [38]. Subsequently, when all of
these points are processed and mapped together, it becomes possible to form a digital
representation of the scanned area. An advantage of this method as opposed to the
beforementioned photographic methods is that the light beams can scan through the
surface. Therefore, even objects, structures, and areas invisible to the naked eye can
be captured and measured with high accuracy (Figure 6). However, the laser beams
do not detect color or glossiness simultaneously and thus will have to be captured and
processed individually. This can lead to difficulties and inaccuracies when integrat-
ing the color data with the 3D data, making this technology’s use limited and rather
exclusive [39].

Figure 6.
Recording the surface velief of Ercole De'Roberti’s Stories of Saint Vincent Ferver, predella of the Politico Griffoni,
at the Pinacoteca Vaticana. Photo credits: Grégoive Dupond for Factum Foundation.
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4.4 Computed tomography (CT)

Computed tomography, which is mostly known for its purposes in medicine,
uses X-rays to take a series of radiographs from different angles. By combining these
individual 2D images into a 3D image using reconstruction algorithms, it becomes
possible to get high-resolution information on the three-dimensionality of an object
both internally and externally [40]. This makes the technology costly and not suitable
for larger objects. Furthermore, the data are usually presented as a stack of 2D slices
that are layered on top of each other. Therefore, because it takes an extra step to create
a digital 3D model which is also suitable for 3D printing is more time-consuming than
the other technologies mentioned. Lastly, this technology uses X-rays and outputs
greyscale values linked to the attenuation of different materials in the object. Metal
is highly attenuating and therefore introduces image artifacts in the reconstruction,
which makes 3D printing the model problematic. This means that other features that
contribute to an artwork’s material appearance are not included in the scan, such as
its colors. Yet, projects such as the collaboration between the Centrum Wiskunde
& Informatica (CWI, Center for Mathematics & Computer Science, Amsterdam)’s
FleX-ray Lab and the Rijksmuseum (Amsterdam) reveal that these types of scans
can be interesting for getting high-quality 3D information about both the inside and
the outside of objects. The scan of the Holy woman with lantern of the Rijksmuseum,
Amsterdam, shows that this method makes it possible to record and digitize complex
shapes and show the internal structure (Figure 7). Furthermore, they show that
surface scans can be added to the CT data, thus overcoming the issue that CT scan-
ning does not record the object’s material appearance [41, 42].

Figure 7.

(a) Holy woman with lantern, Rijksmuseum collection BK-NM-9253, (b) 3D rendering and orthogonal slices
through the 3D reconstruction showing the internal structure (tree vings). Through the CT scan, this object could
be dated using dendrochronological methods. Photo credits: Francien Bossema.
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5. 3D printing artworks

After having captured an artwork digitally, 3D printing can be used to materialize
it. Right now, although 3D printing is still developing and has certainly not reached
its peak capacity, there are various methods with which one can create three-dimen-
sional shapes, according to ISO/ASTM [43, 44]:

* Vat photopolymerization (VP)

¢ Material extrusion (ME)

* Material jetting (M])

* Binder jetting (B])

* Powder bed fusion (PBF)

* Directed energy deposition (DED)
* Sheet lamination (SL)

To convincingly reproduce an artwork using 3D print and match its esthetical
qualities, there are a few requirements to be met by the method of choice:

* Full color and appearance control should be supported;
* High resolution should be guaranteed;

* The printing material and technique should imitate the artwork’s material
appearance as best as possible.

Based on these requirements, VAT photopolymerization, directed energy deposi-
tion, and sheet lamination can be excluded right away. Although material extrusion
does not meet these requirements either, it is, however, frequently used in the CH
field because it is easy to use and low cost. The method has been used when poly-
chromy or high-quality resemblance is not a requirement, for example, when creating
replicas for education purposes. In terms of high-resolution, full color, and appear-
ance control, material jetting, binder jetting and powder bed fusion could meet all
three requirements to a certain degree.

5.1 Material jetting

Like material extrusion, material jetting creates an object layer by layer until the
right height is reached. However, instead of using a spool of one material, it uses
multiple inkjet nozzles—similar to the one used by regular paper printers—with
which individual droplets of different colors and materials are selectively deposited
[44]. Furthermore, material jetting uses photosensitive polymer instead of thermo-
sensitive polymer [45]. This means that the liquid ink does not harden as it cools off,
but instead, a UV light is used to solidify the individual droplets [46]. This results
in a method that allows a high level of detailing and in which a large range of colors,
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materials, glossiness, gradients, and transparencies can be used, making it a more
suitable technology in the case of reproducing near flat artworks such as paintings
and low-bas reliefs. However, a downside to using various photosensitive materials
is the fact that their products are more sensitive and brittle, which means that these
prints are considerably less durable and functional.

5.2 Binder jetting

Similar to material jetting, this type of jetting uses a printer head with multiple
nozzles depositing droplets of liquid ink(s) onto a printer platform, making it pos-
sible to print high-quality and polychrome three-dimensional objects [47]. However,
this process differentiates from material jetting as it does not use the solidification
of photosensitive materials. Instead, a liquid bonding agent, which functions as a
sort of glue, is deposited to bind the powdered particles together [44, 45]. Because
the powder is used as a basis, the materials suitable for this type of printing are
limited: Only finely granulated ceramics, sand, and metals are suitable for this
technology. Furthermore, because these small particles are glued together instead
of heated together, there are no new chemical bonds forged between the individual
components. For this reason, these prints are porous and their surface finish is rough
and grainy, which also results in lesser color quality [46]. These elements make this
technology less useful for 3D reproducing paintings as the right material appearance
and “feel” can hardly be achieved. Yet, for the reproduction of statues or artworks
made of stone, this method can be considered suitable.

5.3 Powder bed fusion

Like binder jetting, powder bed fusion uses granulated materials as its base mate-
rial. However, the difference lies in the solidification of the material [44, 45]. Whereas
binder jetting uses a bonding agent in liquid form, with powder bed fusion, the heat
of alaser is used to melt and/or cure the layer of powder. The advantage of using a
heat source to bind materials instead of a “glue” is that a larger variety of materials
can be used to create more durable high-quality reproductions (e.g., titanium, alumi-
num, nylon) as they have been chemically bonded together [47]. However, like binder
jetting, the result is grainy and rough. Furthermore, because the melting of materials
is used, it is hard, if not impossible, to integrate color within the AM process [48].
Because of this reason—the limited use of materials and the graininess of the end
product—powder bed fusion is currently not as suitable for 3D reproducing all types
of artworks (e.g., paintings). Yet, for the reproduction of statues or artworks made of
stone, this method can be considered suitable.

As this overview shows, there are various ways of 3D printing artwork. However,
the categories mentioned here are arbitrary and can change rapidly over time as new
technologies enter the market and open up new opportunities. 3D printing has just
started to move beyond its infancy stage and as such is not completely mature, while
still developing. Right now, each technology still experiences some major limitations.
For instance, most 3D printing technologies are still commonly limited to one color,
which is the same as its printing material [46]. Furthermore, the limitation of using
just one material makes it hard to vary in transparency and opacity between individ-
ual layers. Although some techniques offer polychrome printing or the use of multiple
inks, the production of realistic colors or surface effects is still hard as it requires extra
finishing processes to give synthetic material the desired appearance. Particularly, in
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the case of CH and the reproduction of art, color printing and resolution are hurdles
to overcome as accuracy, good quality, high resolution, and the right material feel are
often a top priority for correctly curating narratives with these delicate artifacts [8].
However, it is worth noticing that larger companies such as Hewlett-Packard (HP)
have taken on the challenge of developing new technologies to overcome these issues
[49]. Since 2016 CE, HP has been working on Multi Jet Fusion printing, a method
with which full-color 3D printing with a larger variety of materials is starting to
become possible [50]. This way, powder bed fusion might be able to compete with
material jetting in terms of material properties and appearance as it would meet the
most basic requirements for creating a 3D reproduction of art, namely the ability to
print color and varying appearance.

Aside from the lack of aesthetic quality in trying to print in full color, currently,
there is still a lot of manual work and technical knowledge needed to create and
print a 3D printable model [47]. This makes the method expensive, exclusive, and
time-consuming. Furthermore, the standardization of the process and, consequently,
guaranteeing continuous product performance remains challenging and one to be
overcome [48]. Nevertheless, right now, the main focus of the 3D printing realm will
largely remain on the integration of 3D printing in the use and production of parts
and products. Moreover, it is discussed that in the future, the exploration of the mate-
rials which can be used in 3D printing to convincingly express the object’s materials,
colors, “feel” and, additionally, to understand 3D printing’s materials behavior in the
longer term might gain more interest [47, 48].

6. Enabling technologies

Although 3D scanning and 3D printing are useful in understanding and mimicking
an object’s current appearance, they cannot fabricate its past and/or future material
state. Understanding the way an object looks and what it has looked like over time
cannot solely be attributed to what is currently visible on the surface. Artwork consists
of layers of many different elements (e.g., its canvas, underdrawings, the various types
of paint, and varnish) that mostly remain invisible to the naked eye. Moreover, due to
external factors such as exposure to light, humidity and careless handling resulting in
mechanical losses, an artwork’s appearance can change more rapidly and in different
ways. These internal and external effects that take place on a molecular and surface
level attribute to the optical changes in the artwork’s materials, such as its colors, relief,
glossiness, and the transparency of individual layers. Because 3D printing uses digital
modeling to materialize artworks, this information together with other digital tech-
nologies may be used to manipulate, alter, and change this information. This section
will discuss the technologies that currently attribute to the possibility of reconstruct-
ing and predicting the past and future states of the same artwork.

6.1 Material analyses methods

Recently, there is a growing involvement of scientific methods in the art world
which make it possible to visualize elements that have remained invisible for centu-
ries. The first signs date back to the 1930s CE when X-radiography (IR) was under-
taken for the analysis of paintings for the first time. Later, thanks to Dutch physicist
van Asperen de Boer’s research in the 1960s CE, infrared reflectography (IRR)
made it possible to see through a painted surface or a painting’s upper layers and
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analyze its underdrawings [51]. This non-invasive process involves analysis with an
infrared camera, which uses light in the near-infrared region of the electromagnetic
spectrum. Simply put, as an object consists of layers where each one is covering the
other, infrared light decreases the opacity of most pigments [52]. One element that is
highly infrared absorbent is carbon black, which is often used by artists to sketch the
initial design [53]. Using IR, the artist’s creative process or sometimes even an entirely
different painting can be revealed. This was the case with Vincent van Gogh’s Still life
with meadow flowers and roses (1886-1887 CE), where X-ray scanning revealed a scene
of two wrestling men hidden underneath the visible paint layers [54].

In the following decades, many other, more scientific analysis methods providing
more information on an artwork’s materials would follow, such as dendrochronology,
paint sampling, neutron activation audio radiography (1970 CE), and cross-sectional
fluorescent staining (1980 CE) [55]. However, these technologies were still not very
visually appealing and understandable for the majority of people working with
CH objects. This changed with macro-X-ray fluorescence scanning (macro-XRF).
Already existing since the beginning of the 1930s CE, this technology only very
recently started to attract the attention of art historians, scholars, and conservators
as computers and visualization technologies have become increasingly better [56]. By
focusing an X-ray beam on a designated area, the emitted fluorescence radiation of
individual materials can be measured and analyzed, offering a new non-invasive way
of studying paintings based on their material components [57]. The added value of
macro-XRF in comparison with the beforementioned and more traditional imaging
techniques (e.g., the beforementioned X-radiography and IR) relies on the fact that
with this method information on the artwork’s composition and the identification of
multiple material components can be collected and visualized simultaneously instead
of individually [53]. Consequently, the visual relationship of each layer of material
becomes clearer.

Nowadays, thanks to the development of digital technology we have succeeded
in creating understandable and easy-to-use tools with which we can navigate this
information. This way, these imaging technologies have been transformed into mobile
instruments that can be deployed in museums, galleries, or conservation studios,
which increases the availability of these techniques. For example, Robert Erdmann
(professor at the University of Amsterdam and senior scientist at the Rijksmuseum)
has created an app with a “curtain viewer,” with which you can look at and interact
with the visualized results of various material scans (e.g., IR, IRR), research and
treatments of Jheronimus Bosch’ Saint Wilgefortis Triptych (1500-1504 CE), and
many other paintings [58].

The large-scale application of these scientific methods and the unveiling of many
artworks’ materials still have to take place.” Yet, the fact that we can look through an
object’s layers, dissect each material component present in the artwork, and calculate
how its materials change or have changed, undeniably changes our perception of
artworks and art history. With the increasing power of computers, improvement of
visualization technologies, and the growing efficiency with which neural and deep
learning networks can be applied to this data, it will be a matter of time before it
will become possible to predict and visualize what an artwork’s material may have
looked like in the past or what it will look like in the future. A successful example is a

* Although this overview mentions some material examination technologies used for the analysis of
paintings, it most certainly does not cover all available methods. For more information, see: Stoner and
Rushfield, Conservation of Easel Paintings.
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reproduction of Rembrandt van Rijn the Night Watch’s missing panels (2021 CE) [59].
Artificial neural networks were used to train a computer to recreate the missing pieces
based on a still-existing sketch of the entire artwork. The following part sheds light on
the current developments within the field of artificial intelligence.

6.2 Artificial intelligence

Ever since artist Harold Cohen created AARON in 1960 in which he tried to code
the act of drawing, Al’s influence on the art field has been undeniable [60]. Examples
like Obvious’ series of portraits of the fictive Belamy family (2018 CE) show that with
Al and machine learning, one can construct entirely new works of art (Figure 8) [61].
The application of neural networks and Al are numerous, yet the focus will be limited
to generative methods for they can be considered the most relevant and influential for
3D printing artworks.

Being the most popular and most developed method in the art field hitherto,
generative visualization models are capable of generating new examples that plausibly
could have been drawn from the original dataset, simply put. Such models are trained
to recognize the regularities or patterns in the data it is fed in an unsupervised manner
[62]. Previously, generative adversarial network (GAN), variational autoencoder
(VAE), and flow-based models have been used (e.g., GAN was used for the construc-
tion of the Belamy portraits), yet their influence in the art world has remained limited
for they were unstable, complex, or too hard to use [63]. However, this has changed
due to the recent development of diffusion models which use a neural network that
denoises images blurred with Gaussian noise and reverses the diffusion process. They
steer the diffusion process with information learned from image-caption pairings
gathered from the internet. This allows them to generate images conditioned on a
text prompt. The influence of Al within the field of art has taken flight. Imagen,
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Figure 8.
Edmond de Belamy, Obvious, 2018 CE, digital artwork.
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DALL-E2, Midjourney, and other open-source diffusion systems show that it has
become possible to easily and rapidly generate new images and artworks based on
simple concepts and keywords [64-66]. Evidently, these generative visualizations are
interesting for creating new works of art and for experimentation. Yet, by supple-
menting the right data (e.g., based on material research or by uploading a large set of
artworks by one artist) they can also become a helpful tool to get an understanding of
an artwork, the way an artist has worked and to predict what an artwork must have
looked like at some point, as is exemplified by the previously mentioned reconstruc-
tion of the Night Watch.

However, artworks are not two-dimensional. Hitherto, many models, including
diffusion models, use operations that are well-defined on a flat domain with a regular
grid, such as images or voxel grids. However, many disciplines work with data that
lies on a curved or stretched surface (e.g., the canvas of a painting or the surface of a
sculpture) or data that has no spatial embedding, such as citation graphs or friendship
networks. Geometric deep learning attempts to transfer deep learning techniques
from Euclidean space to non-Euclidean domains [67], thereby allowing for the models
to work more closely with real-world data, including 3D data such as meshes and
point clouds. The developments have not been as fast as is the case with generative
visualizations. One reason is the fact that a three-dimensional space is rather complex
and a large quantity of data are necessary to generate one single 3D object, which is
not as readily available as is the case with Euclidean data. The neural network in a
NeRF is optimized to best represent existing views of a 3D scene and can be sampled
continuously from new viewing directions [68]. NeRF can generate new views of 3D
scenes, by using partial sets of 2D images from angles along with the correspond-
ing positions from which the images are taken [69]. By using a rendering loss, the
input views of a scene can be reproduced. Currently, NeRF is still computationally-
intensive.’ Yet, new algorithms are consistently improving their performance, making
it more accessible. This way, it will become easier and faster to scan, store, and share
3D information. Thus, more 3D CH objects can become available online, which is
beneficial for training neural networks in the future. Furthermore, the quick and easy
rendering of 3D models could make the computer-aided design (CAD) process used
for 3D printing easier and more accurate. Subsequently, as The Next Rembrandt (2016
CE) shows, Al combined with 3D printing could lead to the creation of entirely new
works of art in the style of a well-known artist [70].

It must be emphasized, though, that the term “AI” in these examples often means
that an algorithm is data-driven. There are examples of “smart” algorithms, yet they
do not fall under the term Al The techniques that are now known as Al are often
algorithms that are optimized on a dataset. This is not necessarily the case with tra-
ditional algorithms: Each step is then programmed and determined based on theory
or analysis (and sometimes arbitrariness). Keeping this in mind, it is important to
realize that the application of Al in the art world is often complimented by existing
and more traditional tools, such as methods in computer graphics and geometry. An
example of this is a tool that helps to naturally pose human bodies [71]. Previously,
each arm and/or leg had to be placed in exactly the right place. Adding a data-driven
tool that has been trained on many human poses makes it easier to generate a pose
based on an “expected” natural pose. In this way, combining data-driven Al with

> NeRF uses images representing a scene and interpolates these images in order to render one complete
scene. This way, a NeRF network directly maps from viewing direction and spatial location (5D input) to
opacity and color (4D output).
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these classical tools will make it easier to show examples and automate tasks that
otherwise required a lot of expertise and mathematical knowledge. This will make the
3D printing process easier and more accessible to the art field. Furthermore, as Case
Western Reserve University shows, a neural network can be trained to distinguish
and generate different painters’ brush strokes in both 2D and 3D [72]. This way,
combining data-driven Al with methods in geometry helps predict lost information
about an artwork or generate past or future versions of existing artworks, which

can be physicalized with 3D printing. For instance, the color and geometry of the
pounces in the background of the medieval Crucifixion of the Lindau Master (c. 1425
CE) can be reconstructed and 3D printed the way it must have looked before the blue
azurite layer was applied (Figures 9 and 10) [73]. A painting like Johannes Vermeer’s
Girl with a Pearl Earring (1665 CE) can be 3D printed without a craquelure pattern.
Furthermore, using a neural network trained in identifying Rembrandt’s brushstrokes
could help reconstruct the flattened surfaces in Study of an Old Man (1650 CE) and
the artwork can be 3D printed the way it must have looked like.

Yet, there are still some obstacles to overcome. Currently, to be able to generate a
3D object with A, one needs a very large dataset to compensate for information that
has not been recorded. Unlike the case with generative visualization models based on
Euclidean data, 3D data is not as easily accessible nor available in large quantities. The
digitalization of artworks and open-access sharing of these data are not yet a com-
mon practice in museums and galleries. This way, generating entire 3D objects is still
hardly possible. What seems more likely soon, however, is automatically adding a 2D
texture map to a 3D mesh or a topography map. Furthermore, it must be emphasized
that these generated visualizations and 3D objects will always be partly based on

Figure 9.
Master of the Lamentation of Christ in Lindau, The Crucifixion, ca. 1425 CE. Tempera on panel, 125 x 89 cm,
Museum Cathavijneconvent, 3D detail without color the way the painting looks now.
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Figure 10.
Reconstruction of the pattern in the background. Photo credits: Ruben Wiersma.

estimates, predictions, the data supplemented, and the algorithm itself. Therefore, it
might thus not be suitable for scientific research purposes in all cases.

Nevertheless, as 3D scanning and printing technology also improves which
aids the digitalization of more objects, one could imagine how these developments
combined with Al would yield far more accurate and precise results in the future.
Furthermore, with the growing influence of the Metaverse, there is a growing neces-
sity to easily and quickly digitalize objects, pushing the developments within the
field. Additionally, with more open-source 3D modeling websites such as Blender and
Adobe’s Substance 3D and the possibility to experiment with diffusion models, the
future impact of Al on the art world is undeniable.

7. Future perspectives

As this chapter has shown, various technologies enable the creation of 3D-printed
reproductions of paintings, each attributing to what the final product might look
like. It is undeniable that the continuous development of scientific methods within
material science will uncover more of the hidden layers of artworks invisible to the
naked eye. Furthermore, as computational power will continue to increase, it will
become easier to visualize the discoveries made due to material and scientific research
and examination. With the help of better neural networks, this could potentially
result in better “curtain view”-like applications in which more scans can be integrated
and better stitched together in a more user-friendly way. Furthermore, the growth in
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deep learning systems together with these material examination technologies could
potentially attribute to better understanding and predicting the painting’s current,
past, and future material state. Moreover, as mentioned before, large printing com-
panies will have taken on the challenge of developing new technologies to come up
with full-color 3D printing technologies with a larger variety of materials. When more
materials become available as a base to print textures on (e.g., canvas) or to print with
(e.g., gold and other metals) in a more automated way, 3D reproductions of paintings
will become more convincing. This will make the technology more interesting for the
art field, as the lack of the right “feel” of the technology is often considered a hurdle
to overcome. Furthermore, advancements in better printing materials will make it

an interesting method for visualizing the data gathered and potentially manipulated
using neural networks and user-friendlier methods, making it a more applicable
method for conservation and restoration purposes.

However, the beforementioned increase in computational power is not solely limited
to the increasing resolution, better visualization methods, and the data which can be
gathered and processed in a short amount of time, but it will undeniably have its effects
on other technologies in the digital realm as well. Right now, extended reality (XR)
technologies, which is an umbrella term that covers all of the various technologies such
as AR, VR, and mixed reality (MR) that enhance our senses by either providing addi-
tional information about the material world we live in or by creating entirely simulated
worlds, are only at the brim of their existence.’ Yet, their rapid development together
with the advancements within social media and the rise of virtual worlds (e.g., the
Metaverse) will make it possible to immerse oneself entirely into online realms that look
similar to the “real” world but are computer generated. Although these technologies are
not directly involved in the fabrication process of CH objects, they will have their influ-
ence on the perception of and engagement with artworks and 3D prints. This growing
digitization and digitalization of the world, objects, and artworks around us using 3D
technologies make it possible for one to find a variety of options for looking at the same
artwork and find easier ways of either digitally or physically engaging with them.”

After the increasing digitalization of the world around us and the involvement
within the virtual realm, the non-fungible token (NFT)—a digital seal of authentic-
ity—is on the rise and becoming increasingly important. In short, an NFT can be seen as
a token or a sign which can be used as a validator of ownership and one unique (digital)
item. The way an official owner can secure its ownership and the unicity of the digital
object is by securing the object with the Ethereum blockchain [74]. This way, it becomes
impossible to modify the record or copy-paste its ownership. Right now, digital art-
works are already being sold at renowned auction houses such as Christie’s, for example,
Beeples Everydays: The First 5000 Days which sold in 2020 CE for over 69 million dollars
(Figure11) [75]. Not only can digital models and data become valuable by themselves,
but it also becomes possible to transform material artworks into valuable digital for-
mats. This happened for example, with Banksy’s print called Morons, where a collective
called BurntBanksy filmed the destruction of the original material artwork and sold the

® Augmented reality (AR): adds a layer of digital elements and/or information to a live situation, usually
by using a smartphone. Virtual reality (VR): creates a complete immersive experience shutting out the
physical world completely, usually by wearing VR glasses. Mixed reality (MR): includes the interaction of
elements of both AR and/or VR, real-world and digital objects.

7 Digitization: the conversion from an analogue format to a digital version. Digitalization: making digitized
workable. This way, the digitized information is converted in a way to make processes more effective or

productive.
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Figure 11.
Everydays: The First 5000 Days, Beeple, 2007-2020 CE, digital artwork.

video as an NFT [76]. A similar case has happened with a drawing by Frida Kahlo [77].
Furthermore, artists like Damien Hirst have also started to sell their art similarly [78].
In this way, the artwork’s value or authenticity has moved from the physical manifesta-
tion to a digital form as an NFT. What this development will mean in the case of the 3D
models, digitized paintings and cultural heritage objects are that they may become valu-
able and highly prized assets existing next to the material original artwork and outside
of cultural institutions and museum walls and authority. Moreover, it could mean that
they could potentially take over the “aura” of the existing artworks.

With the potential rise of the value of these 3D digital art models caused by phenom-
ena such as NFTs, questions can arise about the actual ownership of the 3D scanned
objects under study. Currently, there is no clear idea to which these data belong: would
this be the museum that owns the original artwork, the person(s) behind the scanning,
or the computer processing the data? This could lead to potential issues regarding the
intellectual property rights of the scanned data and future 3D prints. Although this isan
interesting and important facet of 3D printing’s development, the legal and copyright-
related questions fall out of the scope of this particular research.

Right now, it is hard to predict how these technologies will change or have changed
the perception of artworks exactly. However, discoveries thanks to material research,
alterations made with the help of artificial intelligence, and the translation of this
information into high-quality 3D printed reproductions could drastically change
art history at large. A parallel can be drawn with the perception of dinosaurs. Until
recently, the prevalent idea was that dinosaurs must have looked like reptiles with
scales and that they were rather tough looking. Yet, as a result of research and by
discovering feathers in fossils, the whole idea of their physical appearance changed
drastically: They might have looked more like birds, feathered, and possibly brightly
colored. In the case of 3D printing artworks, the same thing could be said: We believe
that what we know now is “authentic” and “real,” yet discoveries and revelations due
to these technologies combined with 3D printing can and will drastically change what
we consider to be the truth in the future.
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Abstract

3D (three-dimensional) printing technologies are widespread and rapidly evolving,
creating new specific working conditions, and their importance has been highlighted
by increasing publications in recent years. The report provides a compilation of current
information on 3D technologies, materials, and measurements, considering the deter-
mination of the potential actual exposure dose of chemicals through airborne inhalation
and dermal exposure, including workers’ exhaled breath condensate and urine data.
Noninvasive assessment methods are becoming increasingly popular, as they are pain-
less, easy to perform, and inexpensive. Investigation of biomarkers reflecting pulmonary
inflammation and local and systemic oxidative stress in exhaled breath, exhaled breath
condensate, and urine are among them. It is also important to consider the occupational
health and safety risks associated with the use of various new materials in 3D printing,
which are associated with skin irritation and sensitivity risks. Therefore, EDI (estimated
daily intake) calculations for assessment of the potential occupational health risk
purposes via inhalation and dermal exposure are critical in future. The assessment of
occupational exposure and health risks of 3D printing processes is essential for the proper
identification, control, and prevention of working conditions, also for the diagnosis and
monitoring of occupational diseases among workers to improve public health and well-
being in general.

Keywords: additive manufacturing, 3D printing, occupational exposure, exhaled
breath condensate, dermal exposure, biomarkers, exposure assessment, health risk
evaluation

1. Introduction

3D (three-dimensional) printing has become an integral part of today’s market
and service industry since the 1980s, producing versatile and widespread products
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not only in industry but also in the home. Nowadays, highly specialized industries,
such as medicine, automotive, military, and aerospace engineering, use 3D print-

ing for prototyping and facilitating the manufacturing process. Originally, the first
material used was synthetic plastic, but as printing techniques have evolved, materials
such as metals (steel), conductive materials, glass, ceramics, wood as well as organic
tissue are also used. Besides, if 3D printing is combined with nanotechnologies, the
future is under development, making it possible to create objects at nano and molecu-
lar level. One of the main type of emissions from desktop 3D printers is ultrafine
particles (UFP), whose uniform distribution is related to the end of the printing
process. In addition, about 50 different volatile organic compounds (VOC) have

been identified from printer cameras of which the three most commonly emitted are
styrene, caprolactam, and lactide [1]. Emissions occur especially when polymers are
thermally treated. In general, exposure to contamination occurs via inhalation, food
and beverage, water consumption, and dermal contacts. 3D emission main exposure
routes are inhalation and dermal exposure, and usually, employees could be exposed
at highest levels due to operations and maintenance of 3D printers, for example, when
using acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), the worker is
already exposed to emissions at an exposure time of 1 h [2]. Exposure via inhalation is
breathing in a substance as a gas or vapor or as airborne particles. This includes small
amounts of soil and dust that can be inhaled into the lungs. The lungs often absorb
gases and vapors quickly and efficiently. Hereabouts, the estimated daily intake

(EDI) for a chemical contaminant can represent the total exposure from all known or
suspected exposure pathways for an average person to consider also their occupational
exposures.

One of the possible methods to improve occupational health and safety in the
3D printing process to limit the spread of emissions is to seal heating, ventilation,
and air condition systems with high-performance filters impregnated with activated
carbon; to use a portable air purifier in the immediate operating areas; to install
ventilation systems and enclosures in the emerging operating area for the storage of
finished products [3]. Thus, ensuring local shock ventilation is an essential aspect of
occupational safety. Furthermore, metal powder materials are at risk of ignition and
it is recommended to use EX-devices (detection devices for explosive atmospheres) to
identify the risk of explosion at workplaces [4].

Organizations (e.g., National Institute of Occupational Safety and Health
(NIOSH), Occupational Safety and Health Agency (OSHA), etc.) with an objection to
maximizing health protection from exposure to contaminants play an important role
in identifying health risks and controlling emissions. Thus, NIOSH is a part of the
Occupational Safety and Health Research of the United States of America. NIOSH’s
operational goals include understanding the health risks of advanced materials and
manufacturing processes; studying the initial risks of engineered nanomaterials,
advanced materials, and additive materials; supporting the development of guidelines
and epidemiological studies to inform stakeholder identification of health risks and
assessing progress to date; and evaluating risk management [5]. Further, OSHA’s main
focus is safety, health, and productivity of European workplaces, while promoting
risk prevention and improving working conditions in Europe [6]. Working with 3D
printers, existing occupational chemical risks compromising immune system func-
tion (cytokines-interferon and lymphokines), which play a key role in providing
inflammatory responses and monitoring other abnormal processes. Considerable
awareness of complex health assessment—cardiovascular, nervous, reproductive, etc.
plays a role in the emergence of health risks and efficiency of occupational hazard
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controlling and risk prevention [7]. In addition, well-being and productivity could be
affected by poor working conditions caused by 3D printing activities at work, schools
[8], and homes as well [9].

This chapter takes a complex look at the safety aspects of work-associated risks of
3D printing technologies.

2. 3D printing technologies, materials, and methods

Basic computer skills are needed for semiprofessional or home office printer users,
while technicians also need knowledge to use 3D printers (in professional use). These
printers come in different shapes, sizes, and prices—home office printers can fit on
an office table but office or professional printers require a lot more space and it is sug-
gested to keep them in a separate room (to limit noise and emission exposure) [10].

In order to attain the proper design goals, the materials in this special process must be
functional. Material properties are highly important as the product undergoes conver-
sion from design and functional prototype development to production [11].

Materials and technologies are a subject of constant improvement and modifica-
tion, but the main and most commonly used materials and methods in 3D printing
technologies will be discussed in the following chapter.

There are multiple industrial 3D printing processes: stereolithography (SL),
powder-bed fusion (PBF), fused-deposition modeling (FMD), laminated object
manufacturing (LOM), and direct energy deposition (DED) [11]. Each of these
processes uses a different technology to produce the desired outcome. And each of
them has many modifications, improvements, and varieties.

2.1 Stereolithography (SL)

Materials used in SL are usually photopolymers, and thermoset resins improved by
ultraviolet (UV) light. There are numerous plastics that can be printed in 3D and have
a variety of mechanical properties. SL is a fine-resolution and high-quality process
commonly used in biomedical prototyping, yet the materials are quite scarce because
of the relatively sluggish and expensive printing [11].

2.2 Powder-bed fusion (PBF)

PBF processes utilize tightly packed layers of ultra-fine powders on a platform.
The polymer powder layers are fused together with a laser beam or a binder [12, 13].
Despite high cost, slow printing, and layer-by-layer finish, due to its high resolution
and high-quality outcomes, PBF is a method that is widely used in a variety of indus-
tries, for example, biomedicine, electronics, aerospace, and to produce lightweight
structures (lattices) [13].

2.3 Fused-deposition modeling (FMD)

In FMD, a continuous filament of thermoplastics and fiber-reinforced polymers
are used. The thermoplasticity of the filament is crucial for FDM, allowing the fila-
ments to fuse together during the printing process, and afterward, usually, a copoly-
mer is used to solidify at layers. Due to its qualities and the materials used, FDM is a
low-cost and high-speed prototyping method [14].
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2.4 Laminated object manufacturing (LOM)

LOM can be used for a variety of materials, such as polymers, ceramics, paper,
and metals. The printing method is based on layer-by-layer cutting and lamination
of sheets or rolls, or the other way around. Reduced tooling and manufacturing time,
a vast range of materials, and low cost allows to produce large structures and use for
foundry industries, paper manufacturing, as well as in electronics and printing smart
structures [11].

2.5 Direct energy deposition (DED)

DED method is also known as laser-engineered net shaping (LENS) and it is used
to melt a feedstock material simultaneously. The melted material is then deposited
and fused into the melted substrate and solidified after the movement of the laser
beam [15]. This method is commonly used for stainless steel, Inconel, or with tita-
nium, aluminum, and related alloys [11] and can be used for producing materials for
repair, aerospace, biomedicine, etc.

2.6 “Hobby-class” 3D printing

3D printers are becoming more popular to be used at home as well, especially
some portable low-cost desktop 3D printers (called “hobby-class”). In particular, the
emergence of inexpensive portable 3D pens in the private and school sectors, using
materials, such as PLA and ABS, is of concern due to the lack of data confirming their
safe use [16].

Very few reports are available, which conclude a biosafety assessment of the 3D
printer emissions, particularly the ones popular among young age users, such as 3D
printing pens [17, 18].

However, a recent study has highlighted the potential risk posed by high particle
emissions, including thermoplastic material nanoparticles as well as metal emissions
from 3D pen usage [18].

3. Emissions from materials in 3D printing

All the above-mentioned methods use a variety of materials to produce the desired
outcome products. The printing process uses high-temperature and the treated
material emits VOCs, such as styrene, aldehydes, ethylbenzene, xylenes, caprolactam,
lactide, and others, as well as UPFs [19-21]. It is known that ABS filaments are more
hazardous to human health than PLA filaments. These emissions of particles and
gases are higher when using ABS. ABS filaments produce VOCs, for example, styrene
is a possible human carcinogen, but nylon filaments emit a compound called capro-
lactam (Table 1), which can lead to irritation of eyes and respiratory system and may
cause effects on central nervous system. The total emission level and composition of
VOCs depend on the filament material. PLA filaments have lower particle and total
VOC emission rates than ABS and nylon filaments. There are some carbon emissions
from the fumes when printing with polyethylene terephthalate glycol (PETG), and
the main emitted VOC is acetaldehyde [29].

Some 3D printers use photopolymers (photosensitive liquid resins that become
solid after exposure to laser or UV light) that are known to be toxic. During 3D metal
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Filament Type of VOCs Reference

ABS Aldehydes, acetone, diethyl phthalate, ethylbenzene, styrene, xylenes, etc. [14, 22-27]

PLA Acethyladehyde, butadiene, propionic acid, toluene, etc. [28,29]

NYLON Caprolactam [14, 26]

PETG Acetone, ethylbenzene, formaldehyde, toluene, xylene, etc. [15, 30, 31]

nGEN Ethylbenzene, heptane, toluene, xylene, etc. [31]
Table 1.

Some examples of emitted types of VOCs drives from some filament material used in 3D printing.

printing fine (including ultrafine) metal powder is used that is capable to become a
respiratory hazard. Not only chemical risks but also well-known occupational health
risks: high temperature, low humidity, high CO, levels, forced posture, eyestrain, and
injuries can pose health risks among 3D printers’ workers [32].

Depending on their content, other filaments may content additional chemical and
metal exposures. The decision must be emphasized before using a particular type of
filament, including 3D printers in the working environment. Considering the grow-
ing adoption of 3D printing and the growing mix of print materials with complex
chemical properties, it is important for manufacturers to better educate themselves
on the health risks to protect workers in their facilities [28].

UFPs may be of particular importance for the toxicity of fumes emitted from the
melting of some thermoplastics [31, 33], although the latest literature reports show
the release of UFPs and VOCs during printing with printers using nGEN (made by
ColorFabb from Eastman Amphora™ AM3300 polymer) filament as well [31].

4. Occupational exposure
4.1 Risk identification

Occupational exposure data characterizing and description (e.g., profile of work-
place, location, materials, equipment, methods, exposure time, ventilation, personal
protective equipment, etc.) is an important issue to evaluate potential exposure,
control, and prevention.

Furthermore, working environment description is essential to evaluate occupa-
tional exposure. The first step is to determine the exposure routes. During 3D print-
ing process, workers can be exposed through inhalation or skin contact to various
pollutants that can affect health and work abilities, oral exposure is less common in
this industry. Also, to evaluate occupational exposure risk, 3D printing methods have
to be categorized to determine the right pollutants in air in the previous paragraph.
ISO standard defines 3D printing methods into seven categories: material extrusion,
material jetting, binder jetting, sheet lamination, vat photopolymerization, bed
fusion, and directed energy deposition [34].

During risk assessment and exposure determination, printing materials must
be evaluated as well. In addition, exposure to printing materials, particulate matter
(PM), and various chemicals can happen during cleaning and maintaining 3D print-
ers and workspace. The common approach, for clarifying potential chemical sub-
stances’ emissions of used materials and other agents during cleaning, maintenance,
etc., is to check a chemical products safety data sheet [35].
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4.2 Toxicity and health effects

As it is a new industry, only few publications indicate adverse health effects associ-
ated with 3D printing processes. One article mentioned that exposure to material
extrusion fumes causes asthma [36]; however, other case reports mentioned chronic
hypersensitivity pneumonitis with exposure to PBF nylon powder [37]. Various
articles that used health questionnaires found a high incidence of 3D operator self-
reported respiratory symptoms [38]. Animal studies show pulmonary and systemic
toxicity in rats following exposure to 3D printing process [17, 39]; however, human
studies on volunteers exposed to 3D printing fumes showed no acute changes in
inflammatory markers [40]. Nevertheless, all this information draws attention to the
risks of 3D printers.

Studies involving real occupational exposure measurements in 3D industrial
settings are limited; however, the emission of material extrusion 3D printing process
has been studied extensively, but the impact from other 3D printing technologies has
not been documented as comprehensively. Emission and exposure in a work environ-
ment depend on differences in printing methods and related activities, including
print materials. The thermal 3D printing process is a known source of VOCs and
semi-volatile organic compounds (SVOCs). The typical VOC emitted during 3D
printing can attach to airborne particles [41]. In addition, 3D printing is a source of
UFP emissions [42—45].

VOCs and UFPs both have the potential adverse effect on human health through
inhalation and skin contact, causing irritation, inflammation, lung disease, and
various skin problems. It can also affect the central nervous system [36, 38, 46]. In
addition, UFPs can pose health risks in a delayed manner even 1-5 days because of
UFPs airborne exposure lag time. And UFPs toxicity depends on smaller size, larger
surface area, absorbed substances, and physical properties [47]. Nowadays, 3D print-
ing includes also nanomaterial usage in filaments because of their physicochemical
and microbiological properties [48]. Further exposure measurements and the devel-
opment of an appropriate measurement strategy for specific printing methods are
needed to determine full exposure during the 3D printing process.

4.3 Prevention

The main principles of control/prevention measures at workplaces are elimination,
replacement, technical, organizational measures, and personal protective equipment.

 Elimination of emissions or substitution with other materials.

* Technical measures that prevent emission sources. The most effective measure
is a protective barrier for the emission source, closed-production systems
are used and employees are physically isolated from contact with emissions.
However, the potential for leakage with these activities should be considered.
A mandatory requirement is the existence of local and general ventilation with
special air filtration systems (e.g., HEPA) that retain dust, as well as forced
exhaust systems.

* Organizational measures are the main measures to reduce risk. Employees’ work-
places can be isolated, separated from the place where the process of 3D printing
takes place. Isolation can take place, for example, by installing and creating walls.
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* Personal protective measures: This control measure would be the last resort.
Respiratory protection requires respirators and masks with filters or full-face or
partial-covering masks with carbon filters, etc. [49, 50].

5. Exposure measurements and assessment in 3D printing processes
5.1 General data

In order to evaluate the exposure of the working environment of 3D printing, air
sample analysis of the working environment is performed to determine the chemical
composition (PM, VOCs, metals, and inorganic elements) and thermal comfort parame-
ters (air temperature, humidity and air velocity) as well. Samples are taken in the breath-
ing zone of the worker (i.e., within a radius of 30 cm around the face) to assess worker
exposure or as close as possible to the workplace under normal working conditions. As
it is listed and described into several technical standards and methods [51-54]. Main
principles of measurement/sampling include purpose of measurement/sampling; selec-
tion of measurement/sampling location; selection of measurement/sampling technique;
duration of measurements/sampling; selection of parameters to characterize worker
exposure and potential health effects. It is important to consider the type of technolo-
gies, materials used during production and work processes, which allow us to guess what
kind of chemical emissions could be released in the work environment. Measurements/
samples should be taken in all work areas, where the work is performed [55].

Measurements done for risk assessment are a combination of traditional industrial
hygiene methods and newly developed sampling techniques. Traditional methods
include personal and area air sampling for the total PM concentration, inhalable dust
[42, 45], respirable PM [43, 44, 56], VOCs or other potential exposures of interest [57].
Other exposure limit detection is done using direct reading instruments for PM count,
sizing, and classification. Techniques used for this are condensation particle counters
(CPC), optical particle counter (OPS), dust trackers, nano-scans, fast mobility particle
sizer (FMPS™), electrical low-pressure impactor (Dekati® ELPI®+), etc. [56].

In addition, air temperature, relative air humidity and air velocity play a role regard-
ing occupational exposure and employees’ thermal comfort. Increasing air temperature
also increases the emission of VOCs, as well as increases breathing rate and occupational
exposure risk via inhalation as the main exposure route. And these parameters are
influenced by outdoor conditions, premises’ occupants, activities, etc. [58, 59].

5.2 Dust measurements

To determine the total PM concentration or inhalable dust in the breeding area
of workers, personal samplers (plastic cassettes with filters inside of them) are used.
During the measurement process, samplers are connected to air pumps with an airflow
of 1.0 to 2.5 L/min. For the respirable dust level measurements, use the same type of
air pump, but with a cyclone and membrane filter. Air flow for respirable dust mea-
surements is from 2.0 to 3.0 L/min. Analysis of respirable or total PM concentration is
done gravimetrically [42, 43, 60-62]. Individual work processes to calculate an 8-hour
(shift) exposure level. The duration of measurement/sampling should reflect the real
situation at the workplace, which includes all work processes that can cause the emis-
sion of chemical substances into the air of the working environment. But “not over-
loading” the samples with dust, especially if it is necessary to further use these samples
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for the analysis of the chemical and physical characterization of aerosols. Work
intensity and visual assessment of the work process allow one to choose the duration
of sampling in non-emitting processes. The duration of the measurements depends on
the homogeneity (uniform dispersion) of the pollution in the working environment.
The inhomogeneous occupational environment precedes the longer measurements
providing procedure (preferably the entire shift) and includes all processes.

Particulates in 3D industry are measured using direct reading instruments to
determine particle size, count, and distribution, for example, Dekati® ELPI®+. And
Dekati® ELPI® + measures during 3D printing show occupational exposure from
4x10° to 26x10° particles/cm’ during 8-h shift. Furthermore, in all tested premises, the
median diameter for particle number were detected: 0.014, 0.015, and 0.019 pm, but
for mass concentrations: 4.394, 4.433, and 4.677 pm [46].

A condensation particle counter is used to measure the total number of particles
with diameter from 10 to 1000 nm depending on the CPC model. An optical particle
counter is used to measure the distribution of larger-size particles, usually from 1
to 10 pm, depending on the OCP model, as well as scanning mobility particle sizer
is used to measure the distribution of particles. Using these techniques, particle
surface area and volume concentration can be calculated from the measured number
distribution assuming that particles are spherical; however, research showed trough
3D printer particle imaging it is not the case, as particles can be in different shapes
[63, 64], this could lead to uncertainty in analyses [14, 42, 43].

5.3 Chemical measurements

The VOCs in 3D printing processes are done using traditional techniques with
slight modifications. Measurements are done using adsorbent tubes Tenax TA type
to capture VOCs or SVOCs; tubes are connected with sampling devices with airflow
from 50 to 200 ml/min. After sampling, tubes are analyzed using gas chromatog-
raphy (GC) with flame ionizing detector (FID)/mass spectrometry (MS) detectors
[44, 65, 66]. Thus, in 3D printing offices, total VOC concentration was found at high
concentration in comparison with indoor air quality recommendations, in general. In
addition, there were estimated specific substances, such as toluene and formaldehyde,
with concentrations 0.56 + 0.1 and 0.23 + 0.034 mg/m’, respectively [46].

Passive sampling method to determine VOCs also can be used for monitoring
purposes and in restricted areas, for example, drug development facilities, where 3D
printing is used or in public buildings, for example, schools [67, 68].

Studies involving occupational exposure measurements in 3D industrial settings
are limited. As emission and exposure in work environments depend on differences in
printing methods and related activities, including print materials (also nanomateri-
als), further exposure measurements and the development of an appropriate mea-
surement strategy for specific printing methods are needed.

6. Potential health effects and biomarker detection
6.1 Health surveys
In the scientific literature, questionnaires for the assessment of health disorders of

employees working in the 3D industry have not been widely used. In 2016, Chan et al.
conducted a survey of 17 companies in Toronto, Canada, surveying 46 employees, who

40



Assessment of Occupational Exposures in the 3D Printing: Current Status and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.109465

work daily in 3D printing companies [38]. The questionnaire included demographic
information, work/ exposure, and symptom/ health history. The work/exposure
section included questions about working hours per week, exact job descriptions and
duration ratio, materials, and personal protective equipment used when working in 3D
printing. The symptom/health section asked about previous diagnoses and whether
they were aggravated by working at the 3D printing company, as well as their smoking
status. If the employees noted that they tend to feel unhealthy during work, they were
also asked about various symptoms and their frequency. Sixty-five percent (65%) of
the surveyed employees experienced some symptoms more than once a week in the
past year. In 59% of cases, employees noted various respiratory symptoms, 17% head-
aches, and 20% skin problems. Thirty percent (30%) of the respondents had already
had some respiratory or skin diseases in the past prior to their work with 3D printers.
Fifty-two percent (52%) of the surveyed employees admitted that they do not use

any personal protective equipment during their daily duties [38]. Guemperlein et al.
conducted an experimental study with 26 healthy volunteers. Each participant spent

1 hour in a special exposure chamber near the working 3D printer, approximately

40 cm away from the face. Before exposure, samples of urine, exhaled CO, nasal
secretion, FeNO, and spirometry were taken. Immediately after exposure, volunteers
completed a survey, repeated FeNO, urine sample, and spirometry. After 2-3 hours,
another urine sample, FeNO and nasal secretion were taken. Participants were
assessed for chemical sensitivity before entering the study by the chemical and general
environmental sensitivity (CGES) questionnaire. After the exposure, the participants
filled out a questionnaire noting their subjective feelings during the exposure. The
survey had two sections: general feelings and a specific offer of symptoms, to deter-
mine the specifics of the experience. Proposed symptoms included various respiratory
system disorders, skin and eye irritation, and headache. A visual analog scale (VAS) of
1-10 cm was offered for each of the variants. Most often, participants noted irritation
in the nose and throat, eye fatigue, and headaches [40]. Two more studies are available
where individual complaints after working with 3D printers are studied. House et al.
have described a relapse of asthma after a 20-year hiatus in a 28-year-old businessman
who had previously experienced a last asthmatic episode at age 8 [36]. Creytens et al.
described an episode of allergic contact dermatitis of two 3D printing company work-
ers [69]. The complaints of these employees are collected individually.

6.2 Noninvasive methods for health effect assessment

Noninvasive healthcare technologies are an important part of research and devel-
opment today because they are cost-effective and offer benefits to both healthcare
recipients and providers.

Various strategies are available to study the association between air pollutant
inhalation and human health effects, the most promising of them is using noninva-
sive painless tests relatively simple in sample collection. Investigation of biomarkers
reflecting pulmonary inflammation and local and systemic oxidative stress in exhaled
breath condensate (EBC) and urine are among them.

6.2.1 Exhaled breath condensate (EBC)

The collection of EBC is a completely noninvasive method for obtaining samples
from the lungs. EBC is a matrix containing numerous biomolecules, including nitric
oxide-derived products, hydrogen ions, hydrogen peroxide, prostaglandins, and
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leukotrienes. The sample collection is easy to perform, does not require special train-
ing of the participant, and has no influence on airway function or inflammation. EBC
is obtained when the breath is exhaled from the lungs into a cooled collecting device;
thus, condensing the vapor. In terms of biomarkers, determination in EBC focus must
be put on the temperature in the cooling device and freezing of the samples due to the
presence of chemically unstable substances (e.g., leukotrienes).

Information relating to some detectable biomarkers in EBC is provided below in
Table 2.

6.2.1.1 Acidity and nitrogen/oxygen species

Assessment of EBC pH for detection of airways acidity purposes is widely
described in research studies and it is related with airways inflammation [24, 84, 85].
Low EBC pH is found in patients with a variety of inflammatory lung disorders,
including cystic fibrosis, chronic obstructive pulmonary disease (COPD), and
asthma [84]. Acid stress can also be used to understand the effect of environmental

Biomarker (s) Detection method/ Benefits/ Subjects, range Year,
Measurement device Drawbacks Ref.

Acidity and nitrogen/oxygen species

Acidity (pH) pH was recorded with a Simple, quick, 404 healthy subjects, 2007,
calibrated and validated easy to perform,  all ages, mean value [24]
glass microelectrode and highly 7.83, median value 8.0
on stabilization/glass reproducible. (7.7-8.1), no differences
microelectrode. based on age, sex, or race.

NO,/NO; Commercially available Low values in 15 healthy controls; age 2005,
colorimetric assay kit, LOD healthy subjects; 39 + 10 (M6/F9); NO, < 1 [70]
1 mcM/spectrophotometer, samples need mcM NO,/NO; 11.4 mecM
microplate reader. concentration.

NO,/NO; Nitrate is measured as nitrite Complicated, 10 normal, nonatopic 2001,
after enzymatic conversion long subjects; age 23 + 4 [71]
by nitrate reductase using preparation, but  (males); NO,/NO; 0.63
Griess reagent; LOD till 1.0 informative. (0.20-0.41) mcM;
mkM/ spectrophotometer.

H,0, Enzymatic assay; LOD Low values in 10 normal, nonatopic 2001,
0.1 mkM/ double beam healthy subjects.  subjects; age 23 + 4 [71]
spectrophotometer. (males); H,0, 0.3 (0.2-

0.4) mkM

H,0, The fluorescence of the Reproducible; 20 stable chronic 2002,
reaction product (dimer H,0, obstructive pulmonary [72]
2,2’- dihydroxybiphenyl- concentration diseases (COPD)
5,5’-diacetate) measured in most healthy patients; no healthy
with an automated sampler, personsisbelow  subjects.
low injection, and scanning the LOD.
fluorescence detector
(295/405 nm); LOD 0.02
mcmol/L; fluorimeter with
automated sampler.

NO,/NO; Colorimetric assay based on Relatively 20 healthy nonsmokers, 2010,
the Griess reaction; LOD 2.5 simple; good age median 60 [73]
mcM/ microplate reader at variability. (52-73); NO,/NO; 15.06

540 nm.

(10.73-23.30) mcM.
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Biomarker (s) Detection method/ Benefits/ Subjects, range Year,
Measurement device Drawbacks Ref.
3-Nitrotyrosine A specific enzyme Low values 14 nonsmoking healthy 2001,
immunoassay (EIA) in healthy volunteers (6 male), age [74,75]
(Cayman Chemical, Ann subjects; sample 34 + 2 yrs.; 6.3 + 0.8 ng/
Arbor, MI, USA); LOD concentrationis ~ mL.
3.9 ng/mL/ freeze dryer for necessary.
concentration.
Nitrosothiols Commercially available Relatively easy Nonsmoking control 2001,
(RS-NOs) colorimetric assay kit toperform. Low  subjects (n = 10), age [75]
(Oxonon, Emeryville, values in healthy ~ 30.2 + 1.5 yrs.; smoking
CA) based on classic subjects. control subjects (n = 7),
reaction of Saville and age 36.1+3.2;0.11+ 0.02
Griess; LOD kit 0.025 mcM;
mcM/ spectrophotometer,
microplate reader, at
540 nm.
Eicosanoids (prostaglandins and leukotrienes)
Cysteinyl- Specific enzyme Relatively easy 15 normal controls; 2000,
leukotrienes immunoassay (EIA) kits; to perform. age 32.3 + 4.5 (7 male); [76]
(cys-LTs: LTC4/Dsy/  LOD: cys-LTs 15 pg./mL; Expensive, high  cys-LTs15.5 + 0.2 pg./mL;
E,);leukotrieneB, = LTB, 4.4 pg./mL. variability. LTB,63.1+ 173 pg./mL
cysteinyl- Specific enzyme Relatively easy 16 healthy subjects; age 2002,
leukotrienes/ immunoassay (EIA) kits to perform. 45 + 17 yrs.; cys-LTs [771
prostaglandin E/ (Cayman Chemical, Ann Expensive 194 + 2.8 pg./mL;
leukotriene B, Arbor, MI); PGE, and LTB,—no
LOD: cys-LTs 13 pg./mL; PGE, information
15 pg./mL; LTB, 4.4 pg./mL
8-iso- Competitive enzyme Variable (CV Healthy nonsmokers, 2010,
prostaglandin F,, immunoassay kit; sensitivity ~ 11-15%) n = 20; age median [73]
4 pg./mL/Specific reader 60 (52-73); 9.09
(6.63-11.43) pg./mL
8-iso- Solid-phase extraction using Precise. 21 healthy controls (15 2020,
prostaglandin F,, liquid chromatography- Long; expensive;  male); age 38.7 + 9.1 yrs.; [78]
electrospray ionization-tandem  requires values not presented,
spectrometry (LC-ESI-MS/ expensive only comparison
MS); LOD 1.2 + 0.2 pg./mL instruments.
Inflammatory mediators
Cytokines ELISA or cytometric Cytokine CRP 0.075 £ 0.03 mg/L; 2022,
interleukin bead array (CBA) concentration IL-1B 3.31/3.74 pg./mL; review
(IL)-1B, IL-4,IL-6,  assays, according to the is around the IL-4 31.6-40.8 pg./mL; article
IL-8, IL-10, tumor manufacturer’s guidelines; assay LOD; IL-6 2.6-5.2 pg./mL; IL-8 [79]
necrosis factor- need normalization to protein  high variability; ~ 3.15-16.3 pg./mL; IL-10
alpha (TNF-a), C concentration/ specific device  expensive; 1.0-24.3 pg./mL; TNF-«
reactive protein (e.g., Randox evidence). depends on 0.4-4.84 pg./mL.
(CRP) the assay kit
manufacturer.
Lipid peroxidation end products and damage to nucleic acids
Malondialdehyde HPLC with fluorescent Relatively easy to Only patients; range 2002,
condensed with detection (ex 532 nm/em perform; linear, 0.15- 0.23 pmol/s [80]
thiobarbituricacid 553 nm); LOD 4.1 nM selective. Samples
(MDA-TBA) stability: at —20°C

1month; at
—80°C 3 month;
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Biomarker (s) Detection method/ Benefits/ Subjects, range Year,
Measurement device Drawbacks Ref.
Malondialdehyde HPLC with fluorescent Relatively easy 125 healthy adults, age 2013,
condensed with detection (ex 532 nm/em to perform, median 24 (19-33); [81]
thiobarbituricacid 553 nm); LOD 1.8 nM linear, selective, male/female = 64/64;
(MDA-TBA) precision 2.2%. 16.0-22.3nM
8-iso- Liquid chromatography- Pretreatment 10 control subjects, age 2009,
prostaglandin Fy,, electrospray ionization- part: solid-phase  average 63 + 5yrs.; male/  [82]
malondialdehyde mass spectrometry/mass extraction for female similar; Median:
(MDA), 4-HNE - spectrometry (LC-ESI-MS/ biomarkers 8-iso PGF,, - 47 pg./mL;
complex detection MS); LOD: 8-iso PGF,, - isolation from MDA - 43 ng/mL 4-HNE
2 pg./mL; MDA - 21 pg./mL matrix; samples  —162 ng/mL
4-HNE - 26 pg./mL are spiked with
biomarkers.
Requires
expensive
instruments.
8-hydroxy-2- Liquid chromatography- High sensitivity Healthy individuals, 2022,
deoxyguanosi-ne electrospray ionization- and specificity, 9.0-21.0 pg./mL review
(8-OHAG) tandem spectrometry reproducible. article
(LC-ESI-MS/MS); LOD 7pg./  Requires [83]
mL. expensive
instruments
ELISA immunoassay; Simple, low Healthy individuals,
LOD 41 pg./mL/ cost; variable, 360 + 90 pg./mL
spectrophotometer or less specific; not
fluorimeter, microplate validated for
reader. EBC.
4-hydroxynonenal  4-Hydroxynonenal Variable; not — 2022,
(4-HNE) ELISA immunoassay Kkit; standardized [83]
Sensitivity: 18.75 pg./ml for detection in
Range: 31.25-2000 pg./ EBC.
mL. Spectrophotometer/
microplate reader.
Table 2.

Biomarkers in exhaled breath condensate (EBC). LOD—Limit of detection.

conditions on the airways. However, the presence of CO, in the samples interferes
with the results and must be removed using deaeration or degasification as recom-
mended by the European Respiratory Society technical standard [85] to avoid high
variability of the results. pH values less than 7.4 are considered to be abnormal [24].

Production of nitric oxide (NO) is generally increased in inflammatory conditions,
but it is difficult to measure because it is a free radical, which reacts rapidly with oxy-
gen, superoxide, water, thiols, amines, and lipids to form products with biochemical
activities, but nitrites and nitrates are products of nitric oxide metabolism, and these
products can be detected in EBC. Investigators use different methods to assess nitrite/
nitrate levels in EBC, examples are presented in Table 2.

Nitrotyrosine is formed when nitric oxide and superoxide anions create peroxyni-
trite, which can then react with tyrosine residues on proteins. Nitrotyrosine, which is
formed in the airways, can be collected in the EBC and serves as a marker of oxidative
stress. Increased production of nitrotyrosine may reflect the increased formation
of reactive nitrogen species, such as peroxynitrite in airways and also in the whole
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organism. Some investigators consider that nitrotyrosine formation in EBC may be
a more sensitive marker to evaluate the contribution of oxidative stress to airway
inflammation than exhaled NO [76, 86].

Nitrosothiols (RS-NOs) are formed by the interaction of nitric oxide with thiol-
containing macromolecules (glutathione and cysteine) and may limit the detrimental
effect of NO. RS-NOs are detectable in EBC of healthy subjects and of individuals
with various inflammatory airway diseases. Increased levels of RS-NOs may be
related to enhanced nitrosative stress. A positive correlation between smoking history
(packs/year) and RS-NOs levels suggest that nitrosative stress induced by smoke
stimulates RS-NOs production, and also indicates that RS-NOs can be used as a
biomarker of ambient air pollution and pulmonary nitrosative stress [76].

Exposure to exogenous oxidants, such as inhaled cigarette smoke and/or air pol-
lution, increase oxidative stress in exposed individuals. The degree of oxidative stress
can be determined by measuring hydrogen peroxide (H,0,) concentration in EBC
[71, 72]. Also, H,0, is released by neutrophils and eosinophils and by macrophages
and epithelial airway cells; it provides one line of defense against infection and is
therefore an important marker of airway infection. Thus, measurements of H,0,
in EBC can be used as a maker of oxidative stress and/or inflammatory processes in
occupational medicine (Table 2).

6.2.1.2 Eicosanoids (prostaglandins and leukotrienes)

Prostaglandins and thromboxanes are synthesized by the cyclooxygenase (COX)
pathway in arachidonic acid cascade. Studies of the eicosanoid pathway and COX
inhibition suggest that this biomarker may be used to understand processes of airway
inflammation. The 8-iso-prostaglandin F2a (F2-isoprostane or 8-iso-PGF2a) is a lipid
peroxidation product of arachidonic acid and the representative marker of oxidative
damage. However, there is an alternate enzymatic pathway to generate 8-iso-PGF2a
catalyzed by prostaglandin endoperoxide synthase, which is independent of free radi-
cal-mediated peroxidation. This fact can impact the conclusions based on the 8-iso-
PGF2a increase concentration under exposed conditions reflect in literature analysis
by Hemmendinger et al. [83]. So, measurement of only esterified 8-iso-PGF2« or total
8-iso-PGF2a, may be a more indicative marker of oxidative stress [83, 87]. Van ‘t Erve
and coworkers provide a detailed literature meta-analysis of the levels of 8-iso-PGF2«
in systemic oxidative damage across human disease and in response to environmental
exposures and concluded that there is a general increase in the levels of both free and
total 8-is0-PGF2a associated with mentioned conditions [88].

Cysteinyl-leukotrienes (cys-LTs) and prostaglandin E2 (PGE2) are eicosanoids
implicated in the development of airway disease mechanisms [76, 77]. PGE2 relaxes
airway smooth muscles and exerts potent anti-inflammatory activity. Activated
eosinophils and mast cells are capable of producing several inflammatory mediators,
including cysteinyl-leukotrienes (cys-LTs) (LTC4, LTD4, LTE4), which, in turn, are
potent bronchoconstrictors.

Cytokines measurements in EBC are widely used as inflammatory biomark-
ers. The main cytokines with a pro-inflammatory role are interleukin (IL)-1p,

IL-6, tumor necrosis factor o (TNF-a), and C reactive protein (CRP). Anti-
inflammatory cytokines, instead, such as IL-4 and IL-10, play a crucial role in
controlling the regulation of pro-inflammatory cytokines. Positive associations
of these biomarkers with workplace aerosols, including nanocomposite materials,
were reported [89].
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Recently, a thorough literature systematic review was done by Ghelli and coau-
thors comparing baseline values of pro/anti-inflammatory cytokines measured
in healthy, nonsmoking adults in order to elucidate issues that interfere with the
obtained results evaluation: standardization of sampling and test preparation are the
most actual [79].

6.2.1.3 Lipid peroxidation end products

Lipid peroxidation is a well-defined mechanism of cellular damage, lipid peroxides
are formed under oxidative stress conditions and form more complex and reactive com-
pounds, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), which have
been shown to be capable of binding to proteins and forming stable adducts—advanced
lipid peroxidation end products. These products are generally accepted biomarkers of
oxidative stress. Since oxidative stress has been recognized as an important mechanism
by which air pollution exposure leads to adverse health effects, the positive associa-
tion of lipid peroxidation product levels in EBC and air pollutants concentration was
observed. Increased MDA-TBA was associated with fine particles of PM2.5, elementary
carbon, and sulfur dioxide concentration [81]. The author’s finding suggests that gas-
eous pollutants may lead to lipid peroxidation in the respiratory tract more rapidly than
particulate pollutants. MDA is a marker of oxidative stress also in different pulmonary
diseases [90]. The following analytical methods are used for MDA detection in EBC:
high-performance liquid chromatography/thiobarbituric acid (HPLC/TBA), spectro-
photometry/TBA, HPLC-mass spectroscopy (HPLC-MS), HPLC-MS/initrophenylhy-
drazine (DNPH) [91], but HPLC/TBA is considered the reference method (Table 2).
Due to methodological discrepancies in sampling and detection technics, a reference
interval in healthy adult populations for MDA in EBC is not established.

4-hydroxynonenal (4-HNE) measured in EBC was not significantly affected
by systemic disorders, but was increased in patients with occupational respiratory
disorders due to asbestos and silica expose; therefore, can serve as a good biomarker
for oxidative stress [82, 92].

8-hydroxy-2-deoxyguanosine (8-OHdG) is commonly used for identifications of
oxidative damage to nucleic acids. Two main analytical approaches are available for
8-OHdG: immunoassay-based methods (ELISA) and chemical analytical methods,
such as gas or liquid chromatography with MS detection. 8-OHdG was found to
increase the EBC of engineered nanomaterials exposed workers, smokers, COPD
patients, and patients with occupational respiratory disorders due to asbestos and
silica expose [82, 83, 93].

All above mentioned allow us to consider that in order to perform qualitative
reproducible investigation/study of biomarkers in exhaled breath condensate it is nec-
essary to work out elaborated sampling collection protocol according to the European
Respiratory Society/American Thoracic Society recommendations, including partici-
pant training and total volume of air exhaled, select samples storage conditions, to
choose more informative biomarkers with appropriate detectable methods and use
standardized analytical protocols for sample preparing and analysis.

6.2.2 Biomarkers in urine

Biomarkers measurement in urine has many advantages: urine collection is nonin-
vasive, can be obtained in large quantities, contains relatively low concentrations of
metals and organic content, and can be stored for a long time. On the other hand, the
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content of biosubstances in urine can be influenced by diet, there are some cells or cell
debris, and bacterial growth can occur during urine storage.

The most commonly measured urine biomarkers in air pollution or occupational
health studies are biomarkers of oxidative stress products: F2-isoprostanes, aldehydes
in forms of MDA, 4-HNE adducts, 4-oxo-2-nonenal (4-ONE), DNA oxidation modi-
fication product 8-OHdG (Table 3).

Biomarker (s) Detection method/ Benefits/ Subjects, range Year, Ref.
Measurement device Drawbacks
8-iso- Commercial ELISA kit; Variable; None-exposed 2021, [94]
prostaglandin F,, Inter-assay precision: Cross- group, Chinese
(8-iso-PGF2) 0.53% to 6.08% Intra-assay reactivity N =210; range
precision 8%. LOD 16.3 pg./ occurs 1.1-2.9 mcmol/
mL. Specific reader mol creatinine
Gas chromatography- Precise. Long; 93 healthy 2004, [95]
tandem mass spectrometry expensive; controls (M/F
(GC-tandem MS); LOD spiked 160/26); age
1.2 + 0.2 pg./mL. Requires samples 63.5+79 yrs.;
expensive instruments 80-130 pmol/
mmol creatinine
Liquid chromatography- Precise. 12 healthy men; 2022, [96]
tandem mass spectrometry Long; 69.25 + 3.81 yrs.;
(LC-tandem MS). Requires expensive; 103.38 + 32.18 ng/
expensive instruments. sample mg creatinine.
pretreatment;
spiked
samples
Malondialdehyde MDA-TBA adducts Relatively None-exposed 2021, [94]
condensed with commercial kit easy to group, Chinese
thiobarbituric Inter-assay precision: 0% to perform; N = 210; range
acid (MDA-TBA 2.02% linear, 345.6-794
adducts) Intra-assay precision: 0.12% selective mcmol/mol
LOD 0.5 nmol/mL. creatinine
Spectrophotometer or
fluorimeter, microplate
reader
High-performance liquid Depend on Healthy 2022,
chromatography HPLC with the selected populations, review
mass spectrometry (MS), method; high 0.07-0.12 mg/g [97]
fluorescence detection, or heterogeneity creatinine
UV photometry;
8-iso- Liquid chromatography- Samples 10 control 20009, [82]
prostaglandin F,, electrospray ionization- pretreated subjects,
malondialdehyde mass spectrometry/mass and spiked age average
(MDA), and spectrometry (LC-ESI-MS/ with 63 + 5 yrs.; male/
4-hydroxynonenal MS); LOD: 8-iso PGF,, - biomarkers. female similar;
(4-HNE) - 17 pg./mL; MDA - 87 pg./mL Long. Median: 8-iso
complex detection 4-HNE - 91 pg./mL Requires PGF,, - 24 ng/
expensive mmol creatinine;
specific MDA - 6.8 mcg/
instruments mmol creatinine
4-HNE - 182
mcg/mmol

creatinine
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Biomarker (s) Detection method/ Benefits/ Subjects, range Year, Ref.
Measurement device Drawbacks
8-hydroxy-2- Ultra-high-performance High Healthy 2019, [98]
deoxyguanosine liquid chromatography-mass sensitivity individuals,
(8-OHdG) spectrometry (UPLC-MS/ and Chinesel44;
MS); LOD 0.5 ng/mL. specificity, age < 45 yrs.;
reproducible. about 0.4 mcmol/
Requires mol creatinine.
expensive
instruments
Liquid chromatography- Precise. Long; 12 healthy men; 2022, [96]
tandem mass spectrometry expensive; 69.25 + 3.81 yrs.;
(LC-tandem MS). Requires sample 1.87 + 0.77 ng/mg
expensive instruments. pretreatment; creatinine
spiked
samples
ELISA commercial kit; Simple. Healthy 2020,
Sensitivity 0.59 ng/ Variable, less individuals, Body review
mL; LOD 41 pg./mL / specific. mass index >25; [99]
spectrophotometer or 5.9t019.8 ng/mg
fluorimeter, microplate creatinine.
reader.
Table 3.

Biomarkers in urine. LOD—Limit of detection, F—Females, and M—Males.

F2-isoprostanes are the products of non-enzymatic oxidation of arachidonic acid
by different free radicals, also the additional enzymatic pathway from esterified
phospholipids not related to oxidative stress occurs [100]. There are 4 F2-isoprostane
isomers presented and detectable in urine [101].

Three main techniques used to assay F2-isoprotanes in urine are gas-chromatogra-
phy with mass spectrometry detection (GC-MS), liquid chromatography with tandem
mass spectrometry detection (LC-MS/MS), and enzyme-linked immunosorbent
assay (ELISA). Mostly, the measurements are assigned to 8-iso-prostaglandin F2a.

MDA is a frequently used biomarker that is measured in urine using different
methods. Detailed analysis of urinary MDA levels for healthy adult populations is
presented by Toto et al. [97]. MDA levels are evaluated after air pollution exposure
[81]. However, some investigators pay attention to non-specificity of MDA forma-
tion in oxidative conditions and possible dietary, body mass index (BMI), and age as
confounding factors, concluding that MDA cannot be recommended as a systemic
biomarker of oxidative stress [101].

4-HNE and 4-oxo-2(E)-nonenal (4-ONE) are products of polyunsaturated fatty
acids oxidation, highly reactive aldehydes, easily form covalent bonds with protein
thiol and amino groups and with other biological molecules, so their levels are unstable
[101], but measuring of their stable adducts is used as oxidative stress biomarkers.
1,4-Dihydroxynonane mercapturic acid (DHN-MA), the major urinary metabolite
of 4-HNE, is an additional biomarker that may be assayed [102], and commercially
available kits may be used. Another possibility is to use high-tech techniques, such
as liquid chromatography/gas chromatography, in tandem with mass-spectrometry,
depending on the study purpose [103, 104]. Measurements of urinary 8-OHdG include
chromatography-based methods (HPLC MS/MS, HPLC ECD, GC/MS, etc.) and
ELISA, with chromatography-based techniques showing low inter-assay variability,
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but cross-reactivity and inter-individual variability for all [101, 105, 106]. Diet and cell
death have minimal, if any, influence on urinary levels of 8-0xodG, but results may be
age-dependent [107]. The pooled median value for urinary 8-OHdG concentrations in
healthy adults with a mean BMI < 25 measured using chemical methods was 3.9 ng/mg
creatinine (range from 3 to 5.5 ng/mg) [99]. Increased urinary 8-OHdG was associated
with air and work-place pollutants; however, data are contradictory [108].

In conclusion, it is necessary to pay attention to the standardization of urine
sample collection (spot or 24-h urine), storage conditions (time and temperature),
pretreatment of samples (urine is a very complex matrix), appropriate choice of
biomarkers, results in creatinine normalization—the rigorous study design/protocol
is essential to obtain repeatable reliable results.

7. Estimated daily intake (EDI) and health risk modeling

Pollutants pose a potential hazard to public healthcare, particularly human
exposure. It is important to understand to what extent the population is exposed to
environmental pollutants at work and home. It is important to track the level of envi-
ronmental pollutants in the population, which allows an assessment of how exposure
to pollutants in this population changes over time [109, 110].

Human contact occurs via inhalation, ingestion, or dermal exposure [111].

Different approaches are used to measure possible human exposure, for example,
exposure modeling, personal monitoring, and ambient concentration measurements.
Exposure models estimate exposure by combining information about environmental
contaminant concentrations, including surveys about people’s activities and locations
(working shifts, exercising indoors/outdoors, sleeping, food consumption, etc.)
to account for possible contact with contaminants [68, 112, 113]. As a possibility,
exposure indices can be developed to evaluate relative changes in environmental
contaminant exposure over time [113].

Biomonitoring measures how much a pollutant or its metabolites or reaction
product—biomarkers—are present in the human body. Several environmental contami-
nants, for example, heavy metals, pesticides, and other organic pollutants, can accumu-
late in the body. Measurements are commonly made in blood and tissues obtained by
biopsy or autopsy (invasive method) or using urine, feces, breast milk, hair, nails, skin
contaminants, and exhaled air condensate (noninvasive methods) [114, 115].

Occupational hygiene practices have generally focused on the inhalation of
exposure pathway. It was assumed that inhalation was the main route of exposure,
with some exceptions (pesticides, certain solvents, etc.). Many methods have been
developed to measure inhalation exposure and there is a clear idea of how to interpret
these values in the context of a risk reduction strategy. Attempts have been made
to reduce inhalation exposure over the years, and some authors have suggested that
dermal exposure may be more important compared [116, 117].

7.1 Estimated daily intake (EDI)

Evaluation of the level of health and safety risk during 3D printing based on the
data of the EDI calculation data [118].

Exposure by inhalation is the inhalation of a substance as a gas or vapor or as par-
ticles in the air. This includes small amounts of soil and dust that can be inhaled into
the lungs. The lungs often absorb gases and vapors quickly and efficiently. We are all
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exposed to low levels of contamination in the air we breathe, food we eat, and water
we drink. The total exposure across all suspected exposure pathways for a chemical
pollutant for an average person describes the EDI [111, 119-121]. The calculations of
the EDI method are directly adjusted to the occupational exposure data for recom-
mendations [38, 122-129]. The EDI value of chemicals can be calculated by adding
up all. In summary, each EDI is the amount of pollutant absorbed through a different
combination of exposure routes and exposure pathways (Figure 1).

All equations for calculating the estimated amount of the pollutant taken up via
the combinations of exposure pathway and exposure route are similar, but require a
different equation for each combination [130, 131].

Health risks from occupational dermal exposure to hazardous substances may
also occur at many workplaces. In addition to the local effects that chemicals can
directly have on the skin, the skin also acts as a pathway for hazardous chemicals to
be absorbed into the body. The dermal dose absorbed is the amount of a chemical
absorbed into the body through the skin [132]. In recent decades, several methods
have been developed to assess dermal exposure. These methods can be broadly
divided into direct (interception and sampling methods and visualization techniques)
and indirect methods (surface sampling methods (nonhuman), dermal exposure
modeling, and biomonitoring) [133, 134].
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Figure 1.
Combination of exposure routes forming EDI.
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The dose-response relationship is the relationship between the amount of a
contaminant that is given and the health effect. It is possible to measure short-term
exposure or exposure as a function of time. Exposure means contact of chemicals
with the outer perimeter of an individual, for example, skin, nose, mouth, and doses.
There are four ways to analyze dermal exposure that has occurred: the first is the
potential dose, which is the amount of contaminant applied to the skin. The second,
the applied dose indicates the amount of the pollutant at the absorption barrier
(e.g., the skin) that can be absorbed by the body. The third and fourth doses are the
internal dose (the amount of the pollutant that is absorbed and available to interact
with biological receptors, e.g., organs and tissues) and the biologically effective dose
(the amount of the pollutant that interacts with the internal target tissue or organ),
respectively [135]. Depending on the exposure assessment, it may be necessary to
assess the effects and dose in different ways [136]. Calculations of dermal exposure
can be made as lifetime average daily potential dose (LADD), average daily potential
dose (ADD), and acute potential dose rate (ADR). The potential skin dose rate can be
determined by dividing the potential dose rate (PDR) by the body weight to obtain
the normalized potential dose, with the body weight chosen to fit the specific popula-
tion of individuals [132, 134, 137, 138].

Another important meaning is applied by governments to set guidelines that
protect human health from the potential health effects of exposure to environmental
pollutants: the tolerable daily intake (TDI). Acceptable daily intake (ADI) is also used
interchangeably with TDI. However, the two terms TDI and ADI describe the same
value. Guidelines for TDI are regularly reviewed and revised, especially when new
scientific information on pollutants becomes available.

The TDI calculations depend on how comprehensive the studies (usually on animals)
were and how confident the researchers were in extrapolating the data to humans.

For contaminants known to be carcinogenic, the risk-specific dose (RSD) is
required. The RSD is the amount of contaminant to which people can be exposed
daily throughout their lifetime without exceeding the accepted risk of cancer.

8. Future prospective for 3D printing risk assessment

The technology of 3D printing will alter how we create, produce, and distribute our
consumer items in this digital age. In recent years, expectations for 3D printing have
been so high that nothing less than a new industrial revolution has emerged. [139].

Food industry started using 3D printing opportunities because of food’s flexible
production and freedom in creation. For example, it is used for liquid food (chocolate,
pancake batter, etc.) production [140]. The literature highlighted that the latest direc-
tions in the field of the 3D food industry are to introduce new bioactive ingredients
in addition to basic nutrients. In nearest future, raw food also will be produced by 3D
technologies next to heating, fermentation, or germination [141]. Therefore, it will
arise new challenges regarding hygiene, safety, and working conditions (air quality,
ergonomics, etc.), in general. This will present new difficulties for hygiene, workplace
safety, and general conditions (clean air, ergonomics, etc.). The controlling of smart
materials processing by temperature, power, light, moisture, pH, and electric or
magnetic fields can change smart materials’ properties, for example, changing shape,
tactility, or hardness [142]. Thus, this transformation process leads to 4D printing
because of material availability changes again over time. And these changes will
be initiated by sensitivity to light, pressure, or temperature. Furthermore, some of
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smart materials will have “a memory,” when these materials can change back to their
initial shape under the changing of circumstances again. Considering these types of
materials’ experimental stage at the moment, their impact on health and hygiene is
uncertain [143]. There have been calls for regulation [144].

One of the potential challenges is to detect errors in 3D printing with the help
of artificial intelligence. Brion et al. [145] proposed a multi-head neural network
employing labeled pictures that allows for the detection of deviation from ideal
printing settings and permits reliable and generalizable, real-time extrusion additive
manufacturing mistake detection, and quick rectification.

Developing 3D printing of organic and/or living tissues is essential and very
promising because of inserting cells into requested places. And this technology is
based on bioprinters’ head movements and cell insertion. Bioprinting will offer to
create many very thin layers of tissues. Thus, algae and fungi already are successfully
used in experiments to manufacture “living” materials, but same as regarding smart
materials also “living” materials potentially could cause risks to health and hygiene.
Furthermore, it raises ethical issues [146]. Also, nanotechnologies are combined
with 3D printing to shape objects at nano or molecular size receiving opportuni-
ties through additive manufacturing to create any form, material, shape, or volume
objects. However, this technology is still theoretical without a well-known nano-
printing effect on to work environment, in general [4].

Exposure assessment future perspectives based on accurate personal sampling,
specific pollutants’ assessment, and sensitive biomarkers’ evaluation with a purpose
of highlighting 3D printing emissions impact on employees’ health. There are impor-
tant existing sensitive methods (e.g., exhaled breathing condensate collection and
analysis) and evaluation of health risk according to calculations approaches (e.g.,
EDI) implementation for occupational exposure assessment in 3D printing industry.

9. Conclusions

The growing popularity and widespread use of 3D printers raise concerns about
their health effects. It is extremely important to identify the chemical substances
released by the 3D printing process to more accurately determine the extent of
exposure and assess potential health risks. The placement of the workplace where 3D
printing is performed is also important, particularly a sufficiently efficient ventilation
system, the technical condition of the 3D equipment itself, the materials used, and the
amount of time the worker spends on the equipment. To assess the potential health
effects of 3D printer emissions, information from safety data sheets and exposure
analyses, including exposure assessment and dose calculations (e.g., EDI), can be
used (adapted for specific occupational exposures, including 3D printing). Future
prospects include sensitive and noninvasive biomaterial analyses to assess health
risks, such as exhaled breath and urine biomarkers, for example, oxidative stress, etc.
More research is needed to select the most appropriate biomarkers for risk assess-
ment. As 3D printing technologies evolve, their emissions and the materials used also
change, so it is important to continue their research and emission determination.
Sensitive and appropriate methods, including equipment, for sampling and analyti-
cal analysis will be promoted and developed in the future. Hobby-class 3D printers
(also 3D pen printing), which are most commonly used at home, are a separate issue
because in most cases there is not adequate ventilation and controlled environmental
conditions at home, especially if the users are children.
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Chapter 3

Body Part Surrogates for Medicine,
Comfort and Safety Applications

Andrey Koptyug and Mikael Bdckstrom

Abstract

Body part surrogates made with support from additive manufacturing (AM)
technologies belong to a rapidly developing area of modeling. Although computer-
based and mathematical modeling of complex processes is already an established
field, these are not free from inherited problems. Surrogate modeling (physical
modeling) being a subject of its own successfully complement mathematical and
computer modeling and helps to cross-validate these methods and improve particular
models. Present chapter provides a discussion on the general aspects of modeling
relevant to the design, manufacturing and application of body part surrogates It also
introduces new term ‘surrogate twins’ using the analogy of ‘virtual twins’ It also
outlines a number of known applications of body part surrogates manufactured with
support of AM in medicine, safety and comfort research. Strong and weak points of
particular surrogate models is discussed basing on the general concepts of modeling
including defining of particular surrogate model purposes, approximations, the ways
of model validation, input parameter harvesting, related measurement systems and
data processing, and setups for material and product testing. Comprehensive refer-
ences will allow readers getting detailed information regarding discussed issues.

Keywords: additive manufacturing, body part surrogates, physical models, digital
twins, surrogate twins, safety research, medical applications

1. Introduction

Body part surrogates made with a support from additive manufacturing technolo-
gies belong to a new rapidly developing dimension in modeling, linking theories to
experimental science (e.g. [1-3]). Current developments in corresponding approach
and technology of physical modeling constantly bring in new applications. Present
contribution is focusing at the applications of such surrogates ranging from comfort
and safety research to the medicine and traumatology.

It is intuitively clear that testing or manufacturing novel safety devices without
somehow proving them being safe is not possible. Two dominant ways out from
this “catch 22” situation are either through developing advance computer models of
human body, its parts and safety devices allowing “virtual experimentation” in close
to real conditions, and experimenting with physical models having different degree
of fidelity, such as for example car crash dummies and their elements. Although
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computer-based and mathematical (analytical) modeling of complex processes is
already an established field, these are not free from problems. In relation to bio-
medical, comfort and safety research, where the subjects (human) are extremely
complicated dynamic systems, inability to prove the model from within a model

and potential dangers in direct experimental validation cannot be easily overcome.
Physical modeling helps to expand the possibilities towards real experiments with
human body part surrogates allowing cross-validation of the results of both modeling
approaches. Well established and standardized car crash dummies and their separate
elements, such as ‘head’ and ‘neck’, find wider applications for example in protec-
tion helmet design and testing, but in many cases are not optimal for lower energy
impacts. Developing physical models of human body parts (body part surrogates)
with improved biofidelity is one of the fast developing trends rapidly widening pos-
sible application areas. Additive manufacturing and modern sensor application are
the main enabling elements in such developments.

Modern additive manufacturing (AM) technologies often referred to as 3D
printing allow for the manufacturing of the body part surrogates with high fidelity
in both 3D geometry and properties. When supplemented by a number of embedded
sensors-providing valuable static and dynamic data they form a basis for powerful
setups and platforms for research and device testing. Such surrogates can be subjected
to a ‘serious abuse’ replicating real world situations either dangerous or potentially
leading to injuries, and allowing for the qualitative and quantitative assessment of the
protection and for testing wearable devices and different apparels.

Development of the computer technology and in particular virtual representa-
tion allows for advanced modeling of extremely complicated systems [4, 5] enabling
unprecedented level of details and yielding so-called ‘digital twins’ (for example,
applied in technology [6-8], medicine [9], safety research [10-13] and garment fitting
[14]). However, such computer-based representations cannot be proven from within
themselves, and are in need of experimental validation. Although certain information
about the performance of already existing safety devices or even unfortunate con-
sequences of some events leading to injuries can be used for validation more experi-
mental data is needed. Manufacturing of the advanced sensorized human body part
surrogates allowing for acquisition of needed experimental data in physical modeling
It is already approaching such level of complexity and fidelity that corresponding
surrogates can be termed ‘surrogate twins’.

Understanding the relations between ‘digital twins), ‘surrogate twins’ and the
human subjects they are designed to represent, demands some deeper analysis of pros
and cons of modeling in general. So following material intends to discuss such aspects
and supplement these with particular examples of applying computer and physical
modeling (body part surrogates) in safety research.

2. Relevant general concepts of modeling

Although many people are using modeling in everyday practice, defining it one
would commonly refer to certain specific modeling subject or approach. Given
definitions commonly range from ‘a representation of a system using general rules
and concepts) ‘a physical representation in three dimensions of an object’, ‘a repre-
sentation of a system using mathematical concepts and formalization’ to a ‘simulation
to reproduce a behavior of a system, and ‘a formalized description of the world, its
shapes, phenomena and processes happening in it’ among others.
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Unfortunately, the comprehensive analysis of the very basic and general modeling
concepts is still not easy to find in the literature. However, one of the best concise sets
of relevant definitions and basic concepts was developed by Roger D. Smith in his
‘Fundamental principles of Modeling and Simulation’ [15], where he is introducing
basic terms, concepts, techniques, and applications of modeling from the philoso-
phy of science perspective. He stresses that a model is designed to serve a certain
specific purpose, and has certain limitations ‘built in’ when it is constructed and
developed. Consequently, it is hard to expect a model to be universal and to cover all
imaginable cases and situations. It is also inherent to all models that they are using
certain approximations of the real systems and processes happening in them. Proper
modeling always starts with relatively simple and in a way ‘rough’ approximations
aiming at most important system features. When such most critical features are
adequately represented, the features assumed to be of ‘second order of importance’
are introduced to improve the model. It is well known that unnecessary complicating
the model contrary to the obvious assumptions can reduce its applicability: relations
become obscured, conclusions become hard to comprehend, and large amount of
details buries the trends. It becomes a situation when it is hard ‘seeing the forest for
the trees and leaves’ Thus, term adequacy in relation to the models means that a model
uses just enough details to serve the initial purpose of its construction. When the
model in its initial shape is validated, and successfully used, it is possible to expand it
adding more details after finding that some of the effects, interactions, components
are not represented to adequate precision or level of detail. In such expansion process
‘necessity rules exactly as it was when the basic model was constructed. Thus, well
known ‘Occam’s razor’ principle, declaring, “entities should not be multiplied beyond
necessity”, is equally applied in constructing and expanding/improving models.

Related to the discussed subjects, we assume that models we would like to con-
struct are made with a certain purposes including studying complicated system and
dynamics of the processes involved, to understand its functioning in different but
well-defined conditions, to grasp interrelations of its parts in order to make certain
predictions (e.g. [1-3, 16]). Thus, one needs to treat both physical and mathematical
modeling of human body parts from the points of view of intended purpose, pre-
dictive capacity as well as strong and weak points and restrictions inherent in such
models.

3. Aspects of modeling relevant to medicine, safety and comfort research

Although experiment is one of the bases for scientific research, real experiment-
ing with human subjects has obvious limitations. One issue is due to the differences
between individuals, leading to the need in collecting large amount of data from
different subjects followed by statistical analysis in order to get generalized represen-
tation. In addition, in many situations experiments can be potentially dangerous or
harmful, or not possible due to certain ethical reasons. Medicine and safety research
are very typical in this respect. A lot of information about functioning of human
body and its parts was collected through treating traumatic injuries however, it is
hardly imaginable that one can subject human to the adverse conditions for study-
ing the limits the body can tolerate, or assessing if the new protective device will be
able to provide adequate protection. In a way, there is a ‘catch twenty two’ situation:
in order to prove that safety device is providing adequate protection one should
experimentally test it, but without proving it safe experiments with human subjects
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are impossible. Advanced models allow bypassing many of described restrictions,
but along with the benefits, they bring in certain issues of their own, and it is worth
looking deeper into these.

Virtual experiments, aka simulations using advanced computer models have
obvious strong points. Computer models do not endanger any human test subject; can
cover both static and dynamic situations; provide certain power of prediction and are
very useful for research and development as well as for studying and teaching. They
allow for analyzing “what if ” and “ideal” cases, separating parameters “inseparable”
in reality, “speeding up” or “slowing down” time and doing other useful tricks, which
is not possible with real experiments. Together with advanced means of visualiza-
tion provided by modern computer technology such models become quite powerful
tools in research, development and teaching. However, as with any models, there
are certain inherent approximations and limitations of the scope built in them. As
for the adequacy of the used model, it should be proven in order to trust its predic-
tions. However, it cannot be done from within the model itself, which is also one of
the modeling fundamentals. For proving the adequacy of the model, its predictions
should be compared with the results of previous or specially conducted experiments.
It should be stressed here, that adequacy of the model is undoubtedly proven only
for the tested cases, and is relative (or more correctly, statistically validated for the
number of cases tested).

Mathematical and computer (numerical) models also have additional issues
and potential for errors related to the limitations in algorithm stability and value
quantization. Here numerically stable algorithm means that it does not magnify
small errors, e.g. that small and diminishing deviation in the input parameter in turn
causes steadily diminishing deviation in the computed results. Strictly speaking, each
numerical algorithm should be tested, and the limits for the input parameters that
guarantee stability is defined. This is a special task, and with many modeling soft-
ware packages, the user commonly relies that developers have performed such tasks.
Additionally, many of the commercial software packages used for modeling have at
least some proprietary modules that are ‘black boxes’ from the user point of view.
Therefore, the user may be not aware of additional limitations that were obvious for
the model developers.

Yet in addition, mathematical and computer (numerical) modeling demands exact
values of the input parameters, some of which can be hard or impossible to extract
experimentally, especially when it concerns human body and tissues, forcing the user
to ‘synthesize’ some of the input values. Although researchers will use ‘realistic’ values
for such synthesized parameters, these can be differing from real ones, and it is not
trivial to predict how such differences will affect the simulation results.

Experimenting with human body part surrogates (surrogate twins), or physi-
cal modeling, can complement mathematical and computer modeling also helping
to cross-validate both approaches as well as underlying concepts. With additively
manufactured surrogates, computer and physical modeling can use exactly same 3D
shape representation of the body parts. Physical models are using synthetic materi-
als, and necessary properties of these either are known or can be experimentally
measured with adequate precision. Thus, computer models can be using exactly same
parameters and same settings for the ‘virtual experiments’ that are used for materi-
als and conditions of real experiments carried out using physical models (body part
surrogates), simplifying result comparison.

A number of different sensors can be embedded into the body part surrogates,
allowing data collection during the experiments carried out in the conditions
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o Both are based on conceptual model and same 3D representations \
o Both have some restrictions and representations
o None of the models can be validated "from inside”
o Both need cross.validation, and can be improved from its results
/ Computer Model Physical Model \
» Needs exact parameters one may not * Material parameters known or can be
have access to measured
» Limitations from algorithms and \ / » Limitation from experimental data
digitization =T precision
+ Freedom of parameter extraction ] * Allows for placing sensors where needed
= Needs exact definition of "experimental \ = Allows for experimental measurements of
conditions’ and boundaries conditions and dynamics
Provides data for validation of / + Provides data for validation of conceptual

kconceptuai and physical models -'\ and computer models /

Figure 1.
“Hand in hand” development of the computer and physical models.

mimicking real cases. One can conclude that most productive is the coordinated
development of both types of the models allowing for improvements in both of
them and increasing the fidelity of their predictions, as schematically illustrated in
Figure1.

One of the specific advantages of physical modeling is in the ability of providing
objective information in the cases when the data may carry subjective contributions.
For example, individual differences and complications in reproducing exact test con-
ditions have significant impact when human subjects and outdoor tests are concerned.
In the cases when one needs to assess the functioning of the garments, footwear and
sports, protection or wearable equipment special care is taken to separate contribu-
tions of the subjective and objective factors. In such cases, objectivization of the
measurements can be a primary target of applying physical modeling even in the
situations, when real experiments do not incur any risks for the test subjects and are
just inconvenient or uncomfortable.

4. Additive manufacturing of body part surrogates for physical modeling

Modern additive manufacturing in a way can be regarded as a link between
the ‘digital world of virtual objects’ and real world with real objects. Indeed, AM
technology is a representative of the ‘digitally empowered’ way of modern design
and manufacturing providing unprecedented flexibility in the object shapes and
allowing for many different materials [17-20]. Files encoding the shape representa-
tions of the parts are commonly used for finite element modeling and simulating
key properties of the future components. Modern software is already fit to have
special inter-platform file formats also used in additive manufacturing. In relation
to the biomedicine, it is used for the advanced design of the implants allowing for
the case- and patient-specific fitting and implant shape optimization for the chosen
functionality [9, 21-25]. Corresponding methods of human body scanning developed
for biomedical applications, including optical methods, X-ray computed tomography
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(CT) and magnetic resonance imaging (MRI) capable of providing high precision
spatial information are successfully utilized for constructing high fidelity 3D body
part representation for finite element simulations and additive manufacturing of the
surrogates replicating real body parts. Additive manufacturing of body part surro-
gates successfully exploits known advantages of the AM method such as:

* extreme flexibility of the produced 3D shapes;
* easy linking to body part dimensions using files from 3D medical imaging;

* ability to work with different materials; possibility of combining ‘direct’ and
‘indirect printing’;

* cost-effective manufacturing of unique parts and small series;
* easy and well-controlled modification of the existing design;

* easy sharing of the production files with the manufactures localized in any part
of the world.

Here ‘direct printing’ means that the additive machines can directly use corre-
sponding material. In cases, where such material cannot be accepted by the machines
or does not provide adequate spatial resolution in AM, one can print the mold from
hard material and cast the desired material (which is a common case for soft polymers
and gels, and this is often referred to as ‘indirect’ or ‘negative’ printing).

Examples of the particular applications of using additive manufacturing for mak-
ing body part surrogates using both ‘direct’ and ‘indirect’ printing are given below.

4.1 AM polymer bone and tissue surrogates

Additive manufacturing of human bone and soft tissue replicas is one of the
earliest applications for the physical modeling of the human body parts [9-13, 21-28].
Historically, such surrogates were primarily targeting replicating exact 3D-shapes
of the selected objects and have found multiple applications as ‘phantoms’ used for
the calibration and fine tuning of different imaging devices, and as ‘bone replicas’
used in preoperational planning (see, for example, [29-31]). Preoperational planning
using polymer replicas of the fractured or damaged bones today is appreciated by
practitioners, often preferring solid 3D models to computer images. Such replicas also
allow to perform ‘training runs’ using surrogates aligning and fixing bone fragments
of complicated fractures, applying fixation elements and placing screws, all of it
without extra stress to the surgeons and any risk to the patient. As a result such ‘pre-
operations’ allow decreasing the time patient spends under anesthetics, minimizing
post-operational complications and reducing recovery times.

It was also realized, that polymer replicas of the human body parts made using
additive manufacturing and basing on the real case 3D reconstructions is a powerful
supplement for the teaching [32-34]. Initially these were used mainly for teaching
anatomy, but recently such surrogates are used as the mean of teaching practical
skills for surgeons. Indeed, bone replicas additively manufactured from acrylonitrile
butadiene styrene (ABS, very common polymer used in AM) are not only looking
like bones (color, shape), but also the efforts needed to insert the screws into them
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quite well replicate that needed in real life cases. Hence, additive manufacturing of
bone surrogates allows for compiling collections providing bone replicas for ‘standard
cases’ reflecting corresponding clinical cases for the most realistic practical student
training. Files used for manufacturing such replicas can be easily shared, and bone
surrogates can be manufactured following real demand.

Digital nature of the shape files used for AM allows linking shape modeling to
functionality modeling and optimization through finite element simulation adding
the value to the pre-operational models of the defect bones. Modern software also
allows for complex manipulating of the bone shape files ‘mending the bone models in
virtual space’, generating shape-optimized implants and fixation plates, and provid-
ing functional optimization of case- and patient specific implants and special surgery
tooling (e.g. [35-37]). As a result, clinicians get a full kit including bone replicas,
functionally optimized implants and special surgical tools (for example, templates for
precision cutting and screw positioning) together with bone surrogates for full scale
preoperative planning and training.

An interesting extension of the AM bone surrogate application is recently devel-
oped, combining finite element modeling and physical modeling [38-40]. It was
realized that spatial fidelity additively manufactured bone replicas based on the CT
or MRI scans of a human subject is very high, and that mechanical properties of some
polymers are similar to that of natural bone. Hence, it is not only possible to predict
bone fracture modalities using finite element analysis, but also possible to perform
experiments with monitoring the behavior and fracturing of the bone surrogates
under real loading conditions. This case also provides a good example of needed
cross-validation of the computer and physical models through the comparison of the
predicted and experimentally acquired results.

4.2 AM body part surrogates for studying garment and footwear performance

Assessment of the garment and footwear performance and comfort is quite a
complicated task. One can design a test protocol, select a group of human subjects,
provide them with apparels to be tested, and send them out for the outdoor testing.
After that, subjects fill in special questioners and corresponding answers are analyzed
in order to draw conclusions. In many situations like this, it is quite hard to exclude
subjective elements from the final assessment. Different wearable sensors acquiring
data are often used to make assessment more objective. However, the variations in
weather conditions during and between different test sessions can mask the trends
and affect the assessment. Moving the tests indoors even when using climate cham-
bers and climate controlled aerodynamic tubes although improve the reproducibility
of test conditions still cannot completely remove the subjective components related
to human subjects. This substantially affects the ability of objective comparison of
the performance and comfort of different garment and footwear designs and models,
including the ones coming from different manufacturers.

Full size mannequins are quite helpful for objective assessment of the apparel
performance at different conditions including different outer temperatures and
even providing ‘perspiration’ and body heat equivalents (see, for example, [41-45]).
Such complex setups are unique and not easily affordable. However, in many cases
one can use body part surrogates, such as the ones of hand and foot for assessing the
performance of the gloves and footwear. Additionally, it is quite possible to include
good possibilities for objectively comparing apparels and wearable devices designed
for example, for able-bodied or disabled subjects, male, female, children, as well as
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the ones reflecting individual body part variability. In such case, a single ‘unified’
computer-based shape model can be properly scaled and easily modified for particu-
lar situation. Corresponding surrogates will be additively manufactured with a high
spatial precision.

It should be noted, that application of body part surrogates carries very high
potential in supporting people with disabilities. Levels of such surrogate complexity
can range from simple body part shape models (used, for example, for testing pros-
thetic sockets and support elements), to the advanced surrogates testing the comfort
of different garments, footwear and wearable devices (taking into account distortions
in body thermoregulation caused by injuries or amputations).

Described approach can be exemplified by the applications of additively manu-
factured body part surrogates for assessing gloves and boots for cold conditions
Thin-walled shell is additively manufactured in a shape of the hand (foot). Authors
use the shape files acquired using optical scans from volunteers. Initial tests were
performed using polymer material (ABS), but following tests will be performed using
metallic shells (Ti-6Al-4 V, one of the most common titanium alloys manufactured
additively). Figure 2 provides a typical example of such surrogate arm shell.

A number of small temperature sensors is embedded into the shell. The sell is
filled with water at 32 to 34°C (temperatures of the body extremities are commonly
some lower than that of the body core; see for example [44, 45]). Tested glove is
placed over the surrogate, or boot (shoe) is placed over the surrogate ‘wearing’ a
sock (socks). Assembly is placed into the fridge or freezer (controlled temperature is
mimicking desired outdoor conditions) and dynamic temperature reduction at dif-
ferent surrogate positions is recorded. Evaluation of a separate item (glove or foot-
wear) is rather qualitative; it clearly indicates the places where the heat is lost most
effectively, and giving an indication how fast does it happen. However, this method
easily allows for some quantitative comparison of the gloves and boots (shoes) of
different models and different design. In present state this method is already used
for supporting the manufacturers in improving heat retaining properties of their
products, and comparing their models with the ones supposed to be ‘best in test’

w150 = o e w200 e s SO e am

Figure 2.
Example of a ‘hand surrogate’ shell additively manufactured in ABS for the heat loss assessment of the gloves.
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Further developments of the method are under the way. This will need coupling of
the physical models to the computer ones; making surrogates better representing
thermal properties of the skin and tissue; and adding thin film heaters to represent
the heat generated by the body. The issue of materials properly representing the
properties of the body tissues is quite complicated and needs special research. Some
of the aspects related to matching the properties of synthetic materials are discussed
in the following sections.

4.3 Advanced AM body part surrogates with hard and soft tissue

Additive manufacturing is also used for the manufacturing of quite complex body
part surrogates combining both hard (bones) and soft (cartilage, tissue, skin) elements.
These are ranging from the head and neck surrogates [10-13, 21, 22, 25, 46-50] to some
simpler human thigh [51], foot [52], foot and ankle [53, 54] and wrist ones [55-57].

It should be noted, that in accordance with previously stated purpose-centered
design of models, known head and neck surrogates are quite different in design and
construction. Although all of them are intended to study the dynamic processes
happening under the potentially traumatic conditions in the human head, some of
them are targeting falls or collisions [10-13, 21, 22, 25, 46, 47], and some—Dblast
injury conditions [48, 49]. The common automotive test dummies de facto also have
head and neck surrogates of specific design. However, these are intended for studying
impacts with much higher energy, as compared to the cases when head surrogates are
used for assessing the falls and a level of protection of different helmets. Commonly
car crash dummies have much stiffer neck surrogates, and solid head surrogates with
a single sensor set placed in its center of gravity (see, for example, [58, 59]). Indeed,
with such impact energy detailed head surrogates with higher biofidelity most prob-
ably are not needed.

Although initial tests with the head surrogate developed by the authors together
with colleagues, were using Hybrid III crash dummy neck [10-13], after analyzing the
data it was concluded that a dedicated neck surrogate should be constructed for better
representing the human neck properties. Latest head-neck surrogate developed by

Figure 3.
Head surrogate with the hybrid III neck and ski helmet on (a), separate view of hybrid III neck (b), the overall
view of the new biofidelic neck surrogate (c). Reference white bar is 10 cm.
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Mid Sweden University and University of Padua is more biofidelic, and the analysis of
the data acquired in the corresponding experiments will be published soon.

Figure 3 presents overall view of the head surrogate together with the Hybrid
IIT neck and ski helmet on prepared for the assessment of the pendulum impact (a),
separate view of Hybrid III neck with the connection flanges (b), and the overall view
of the new biofidelic neck surrogate undergoing compression tests (c). Dimensions
and properties of the corresponding body part surrogates are chosen to be as close
to that of real ones as possible. Cranium skin and brain models are developed using
a CT scan of a volunteer in order to provide realistic dimensions and fit commercial
helmets. Brain surrogate weight is chosen close to the statistically average of 1300 g
of a human brain accepted in modern anthropology. Hybrid III neck (Figure 3a) is
commercial one, a part of the standard Hybrid III 50th Male crash dummy set by
Humanetics.

Human head and neck surrogates developed to the date by the authors and col-
leagues are designed for studying dynamic processes happening in the human head
subjected to the impact of heavy object (in particular case-heavy pendulum), and to
assess the protective properties of different helmets. Head surrogates consist of the
cranium additively manufactured from ABS; soft rubber brain surrogate with soft
fabric mimicking dura matter over it; low viscosity liquid mimicking cerebral fluid;
and rubber skin and head tissue surrogate. To provide needed biofidelity, 3D shapes
of all components are based upon the processed CT scan of a real subject. Rubber
of needed consistence (hardness) today cannot be additively manufactured, so ABS
casting forms are prepared for the brain, outer skin and head tissue surrogates, and
two-component silicone rubber is molded into them.

A number of sensors is embedded into the system. Three-axis accelerometers and
gyroscopes are embedded at different locations of the brain surrogate. To achieve this
casting of the ‘brain’ is carried out in steps, embedding sensors at certain level, and
casting another layer of the rubber over it. During the tests, additional accelerometers
and gyroscopes are attached over the cranium, over the skin surface, on the helmet
and on the neck surrogate. Head-neck surrogate is placed over the force platform
recording dynamic forces and torques at the base of assembly during and after the
impact. Analysis of the signals from the accelerometers and gyroscopes allows for the
assessment of the relative motion of the ‘brain), ‘cranium’ ‘helmet’ and ‘neck’ during
and after the impact. A number of the sensors monitoring the cranial fluid pressure
is embedded into the ‘scull’ adding to the understanding of interactions between the
surrogate elements. Novel sensor allowing measuring the tri-axial compression and
strain in the ‘brain’ was developed and embedded into the latest version of the head
surrogate [60]. Sampling of the signals during the tests is fast enough to adequately
represent the dynamics of the studied processes (3-10 thousand samples of all
measured values per second). A number of ski safety helmets including the ones with
novel design were assessed using the setup with the described head-neck surrogate.
Along with the large amount of data used for the cross-validation of the system,
certain mechanisms related to traumatic brain injuries were also clarified.

There is a large number of particular mechanisms leading to human head trauma
commonly summarized by the term ‘concussion’. One of the large problems for treat-
ing such cases is that the events leading to it are very fast, and often either the patient
or surrounding people have no clear recollection about the particular things leading
to the trauma. Consequently, doctors can only back-reconstruct possible details (type
of impact, direction of the forces etc.) basing on the consequences, which in many
cases may show up days after the event. Using experiments with the head and neck
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surrogates of the described type mechanisms of some particular consequences can
be clarified. For example, appearance of the hemorrhaging at the back of the scull
resulting from some frontal head impacts was initially puzzling for us as research-
ers. Experimental data indicate that with the frontal impacts of certain energy and
duration, compression of the cranial fluid at the frontal part of the head causes brain
moving back without impacting the frontal part of the cranium. However, at the later
stages, inertia of the brain motion causes its contact with the back of the cranium,
which starts its return motion supported by the flexion of the neck. Another effect
that can be clearly observed with the impact point offset from the vertical symmetry
plane of the head-neck system is the cerebellum rotating around its ‘neck’, and two
brain lobes moving separately in relation to each other. Such motion can be expected
mainly from the rotation of the head, and non-central impact results in both trans-
lational motion and strong enough rotational component. In real life event, such
impacts can lead to the damage of the axons in the areas where the brain tissue is
twisted and is subjected to shear forces. Detailed information about the construction,
data analysis and conclusions from the head and neck surrogate experiments can be
found elsewhere [10-13, 21, 22, 25, 46-50].

5. Approximations inherent to the additively manufactured body part
surrogates

As mentioned in the discussion on general modeling concepts, all models are
approximate to some or another degree. Such approximations should be analyzed
clarifying possible sources of misrepresentation and errors, and providing the ways
for improving fidelity of the body part surrogates as physical models. It is quite clear
that two main approximations are coming from the representation of 3D shapes of
body parts, and representation of the natural tissues by synthetic materials. It is also
worth analyzing what kind of uncertainties is added due to the different aspects of
sensors and measurement systems used together with body part surrogates.

5.1 Shape approximations

Although the CT scans or MRI images have high spatial resolution, defining the
exact boundaries for the ‘selected body parts’ is not a trivial exercise. Soft tissues often
have properties gradually changing even across the body parts regarded by medicine
as anatomically ‘well-defined’ Although bone properties are commonly quite differ-
ent from that of soft(er) tissues, in some cases osteoporotic bones are hard to cor-
rectly outline in the X-ray images or in the scan files. Consequently, 3D shape model
files resulting from either automated or manual deconvolution based on the image
density are already approximate. However, these shape files commonly contain exces-
sive amount of details complicating the situation for the computer modeling soft-
ware, and in some cases for the software generating the slice-definition files accepted
by the production systems using layer-by-layer additive manufacturing. Although
additive manufacturing systems in many cases can handle large files with scores of
small details in 3D-shape files, finite element modeling and other simulating software
either would need too much computing time, or simply would completely reject such
files. As a result, 3D shape files are smoothed to be acceptable for both physical and
mathematical modeling. For example, in the case of described head-neck surrogate,
the ‘wrinkled’ surface of the brain, and both inner and outer surfaces of the cranium
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Figure 4.
Smoothed 3D representations of the scull (a) and brain (b), and resulting soft polymer brain surrogate (c).
Reference white bar is 10 cm.

were approximated by the smooth envelopes. Figure 4 presents the images of the
smoothed 3D representations of the scull (a) and brain (b), and a photograph of the
brain surrogate prepared by casting using molds additively manufactured basing on
the smoothed brain shape file.

5.2 Approximations related to synthetic material properties

Another source of approximation relates to the fact that mechanical properties
of the synthetic materials do not exactly replicate the ones of natural body tissues.
This brings in a number of approximating steps. For example, ABS polymer is not as
strong as natural cranium bone and has lower hardness, consequently the temporal
sides of the cranium surrogate were made some thicker to provide adequate strength.
Although this approximates directly relates to the difference in material properties
(human Vs synthetic ‘materials’), it further contributes to the shape approximations.
In addition, properties in different parts of the tissue (for example, brain or skin)
vary depending on the exact location (see, for example [61]), can be different from
subject to subject, or even change for the same subject depending on the level of tissue
hydration etc. At present majority of the body part surrogates use different materials
only for the tissues with significant differences in the tissue properties (bone, brain,
skin and head tissue) and disregard the property variations using same synthetic
material in defined sections. In relation to the discussed head and neck surrogate,
cranial bone is modeled by ABS polymer, brain- by soft two-component silicone rub-
ber, skin and head tissue- by the two-component silicone rubber harder than that of
the brain disregarding any porosity and density variations of natural tissues.

Even bigger source of approximations is due to selecting synthetic materials with
properties adequately replicating the ones of natural tissues. As it was mentioned
earlier, in order to increase the fidelity of the models and adequate cross-validation,
both models should be based on materials with identical properties. However, using
synthetic materials with known properties strongly deflecting from that of the natu-
ral tissues is of no use. Thus, a choice of materials with ‘good enough’ properties most
closely matching that of natural tissues becomes a separate issue.

Studying mechanical properties of natural tissues in itself is a very complex research
subject. There exists a number of publications where corresponding parameter values
can be found. However, it is not possible to review all different values reported and
considerations of variable conditions under which such values were measured within
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present chapter. Interested reader can be referred to some relevant publications, and
scores of references given therein (see for example [26, 61-65]). Here we should just
point out to some of the aspects related to the measuring of corresponding properties.

First of all, properties of the tissues iz vivo and ex vivo are different, as the tissue
extracted from the body rapidly degrades even if dehydration or drying is prevented
by performing the experiments in the buffer solution (see, for example, [64, 65]).
Secondly, in many cases mechanical properties of natural tissues are nonlinear [66],
and can differ for static and dynamic conditions. The latter is quite critical for ade-
quate computer modeling, but also means that properties of the soft synthetic materi-
als should be measured both under static and dynamic conditions [60]. Additional
issues in referring to the measured properties of natural tissues is the spread of the
reported values. Indeed, measuring such properties is quite complicated, and often
is performed in differing conditions. In addition, some of the publications do not
specify measurement conditions exactly, and using such values results in relatively
arbitrary decision, which one should be used.

It is also worth briefly discussing if so-called ballistic gel can be successfully used
for the brain surrogates. Indeed, ballistic gel of different types (both gelatin-based
[67] and synthetic [68]) is quite widely used in different applications. Referring to
the purpose of the modeling, main applications of such materials are within model-
ing of the penetration of different hard elements (including projectiles) into the
human body. Gelatin-based gels are hardly acceptable in the cases where long term
use of the surrogates is intended, as they do not have reasonable longevity and will
degrade being placed for example into a sealed head surrogate. In addition, valida-
tion of ballistic gels as model materials was performed with this specific purpose
in mind, and would need additional validation if used for different purposes (e.g.
human brain surrogate for the impact tests) as compared to what they were designed
for. At the moment main medicine-related applications for such ballistic gels is with
variety of ‘phantoms’ used for testing or calibrating different scanning devices (CT,
MRI or ultrasonic). Novel synthetic ballistic gels can also be rather expensive. Two-
component silicone rubber mainly used for manufacturing artistic masks appeared to
be an adequate choice in many cases.

Due to the complexity of the subject under the study, validation of the body
surrogate models is carried out not only against the computer ones, but also
against the measurements acquired using laboratory animals and human cadavers.
Corresponding literature on these is quite abundant, but one should be careful with
the parameter values measured in animal experiments. Although it is commonly
assumed that pigs and primates are relatively good model subjects (e.g. acquired results
are again approximate), access to such experiments is quite restricted. Thus, results
acquired win the human cadaver studies in many cases are regarded as a ‘golden stan-
dard’ Interested readers can be suggested to start from the papers on cadaver studies
authored by Nahum et al. [69, 70] and Hardy et al. [71]. In addition, one can start
from the papers on the computer models used in head trauma research and protection
development authored by Hardy et al. [72], Kleiven et al. [73-76] and Gilchrist et al.
[77, 78]. These papers are authored by the multidisciplinary groups with the special-
ists in medicine, engineering, physics and computer technology.

5.3 Extra uncertainties added by measurement-related errors

There are certain issues related to the measurements contributing to the approxi-
mate nature of the body part surrogate systems. As mentioned earlier, a great
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advantage of such systems is the possibility to have multiple embedded sensors of
different types. However, application of the sensors and integration of them into the
measurement system is a separate task demanding special care.

Basing on the common purposes of the body surrogates as models, most commonly
used sensors are for the temperature, acceleration (linear and angular), pressure and
tension. For the first three types of measurements, one can use modern chip-like
components having very small volume (down to 1 mm thick, and few mm footprint,
making them almost noninvasive. Pressure sensors are almost equally small, and when
used for monitoring cranium liquid dynamics embedding them into the ‘bone’ does
not disturb the system. Tension in the bone surrogates can be successfully monitored
by the strain gauges. However, the issue of measuring of the tension in soft tissue is
not trivial. Strain gauges are very sensitive to bending, their application in soft tissues
was tested using silicone rubber samples and disregarded. There are some suggestions
that optical fibers can be used for such measurements (e.g. [79]), but so far no body
surrogate-based systems using them were reported.

Many modern pressure sensors can detect both positive and negative values, which
allows using them inside the soft tissue surrogates to monitor both compression and
tension. However, if one needs to make corresponding ‘triaxial’ element, P-sensor
tripod is constructed [60]. It is some larger than any of the previously discussed sen-
sors, and its distortion of the soft media should be carefully considered, and resulting
sensor element should be carefully calibrated.

Next issue is related to the cables connecting sensors to the measurement sys-
tem. Each of the sensors needs up to 6-8 connecting wires, and using commercial
cabling is too disturbing when embedded into soft tissue surrogates. Authors were
forced to make own wire bundles containing enameled wires with outer diameter
of 0.10-0.15 mm. These bundles were deformed near the sensors (the part which
is resides in the tissue surrogate surrogate) to produce a meander section, which
does not prevent free compression-expansion of the tissue surrogate material.
Unfortunately, this does not prevent such wires to be broken, and first head sur-
rogate versions were replaced as many of the connections to the embedded sensors
were lost. Corresponding bundles of connecting wires coming out of the head and
brain surrogates can be seen in the images of Figures 3a and 4c.

Additional issues are related to the sensors, their calibration and ways of data
acquisition. In the described head and neck surrogate authors are using triaxial MEMS
(micro electromechanical sensors) accelerometers and gyroscopes with large dynamic
range (+200 g in linear and +3000 °/s in angular acceleration) and very small footprint.
The manufacturer does not calibrate such commercial chips, and their sensitivity is
commonly declared in the datasheets as ‘typical’ with possible deflections within 5-10%.
It is possible to calibrate them, but this needs very special complicated and costly equip-
ment. Consequently, authors have accepted the levels of uncertainty declared in the
datasheets, and potential errors in measured values are all the time accounted for.

Described head and neck surrogate design is using all sensors with analogue
output. One of the basic reasons is the need to monitor multiple sensors with quite
high sampling rate. It is possible to have commercial data acquisition systems with
even higher than necessary sampling rate and quite large number of analogue input
channels. Therefore, limitation to the time resolution of such measurement systems
with analogue-output sensors is limited by the sensing elements. Unfortunately,
acceleration and gyroscope MEMS sensors with analogue outputs and adequate sen-
sitivity are not manufactured any longer, forcing the migration to the digital output
versions. Such digital-output sensors with serial type interfaces are commercially
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available, commonly have less connecting wires and allow using bus-type connec-
tion (multiple sensors are connected to the same data lines). However, they do not
allow for easy arrangement of the synchronized sampling and high acquisition rates
with long connecting cables. In many systems with the body part surrogates, such
data collection is adequate. However, when fast acquisition rates and large numbers
of sensors are needed digital data interfacing becomes problematic. Consequently,

it forces reconsidering whole data acquisition concept for the body part surrogates
containing large numbers of embedded sensors. To our knowledge, such systems
were not yet constructed, and most probably, they will need intermediate small-size
microcontroller-based data collection modules embedded into or directly attached to
the body part surrogates. These modules should perform synchronized data collection
with high sampling rates and storing data into onboard memory, and acquired data
transfer into the mainframe computer after the experiment.

Described head-neck surrogate setup using cable connections between the sensors
and data acquisition system. This seriously limits its possibilities to the impacts from
the falling weights or pendulum strikes. The same time, validation of the protection
helmets (including the standard methods) is commonly using drop tests from signifi-
cant height (one can be referred to good and not extremely specialized sources such
as [80-85]). Cable-based data acquisition in such systems is at least inconvenient,
and hardly possible in many cases. Potential way forward for the data collection from
head surrogate drop tests is applying wireless digital data links to the data acquisition
systems and mainframe computers. Such system can be quite technically demanding
in design and construction, but would provide much higher flexibility as compared to
the wire-link systems. To be successful, such system should overcome potential issues
with digital data link stability, and most probably, it should present some compromise
between the desire of having multiple sensor channels and capacity of the data rate
transfer. Another possibility can be provided by a ‘hybrid’ data transfer scheme using
a single optical fiber link between the head-neck surrogates and data acquisition mod-
ules. It would be definitely advantageous for the systems, where the ‘surrogate twin’
is stationary, but considering low cost of the modern optical fibers, it can be used for
the drop tests, from time to time replacing the damaged fiber link.

Further developments of the complicated ‘surrogate twin’ systems will definitely
need alignment with the developments in the purposes for such modeling, includ-
ing the development of the new standards for the safety equipment testing (see, for
example, [84, 85]).

6. Conclusions

Surrogate-based physical models became a potent addition to the computer model-
ing allowing mutual cross-validation of both approaches and leading to higher result
reliability. In many cases, experimental setups using human body part surrogates
aiming for testing safety equipment being more intuitively understandable and in
some cases providing faster analysis are better appreciated by the industry.

Although additive manufacturing can be regarded as just an enabling tool, body
part surrogate-based modeling using AM starts to form own research and develop-
ment field with fast penetration from comfort and safety applications into the field of
medicine and traumatology. Together with embedded sensors, body part surrogates
provide data collection in controlled environment and conditions closely reflecting
real life situations.
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Although different surrogate-based systems are constructed with different target
purposes, all of them have similar advantages:

* performing experiments with ‘surrogate twins’ that approximate real humans
without endangering any human subject,

* allowing for monitoring and clarification of the dynamics of the processes inside
the ‘body parts’ with the sensors placed in positions not even imagined with alive
subjects;

* providing data for the cross-validation and improvement of both themselves as
physical models, and computer models and ‘virtual twins},

* providing the means for testing and assessment of the protection devices before
they are allowed for any real life use;

* allowing for the objective comparison of the wearables and wearable devices.

Designing and constructing body part surrogate systems should start from
clear understanding of the purpose, which will strongly influence the complex-
ity of the surrogates themselves and measurement systems linked to them. Early
analysis of the approximations, which are inevitably ‘built into’ each model,
including body part surrogates and the overall setup, will prevent many possible
mistakes and help avoiding potential disillusions. Thus, two major approaches in
further development of the human body part surrogates can be outlined: research-
centered and development-centered. Both approaches are actively developed but
have different aims.

Research-centered approach commonly aims at quite complex, flexible setups,
allowing studies within a number of differing applications under a wide variety
of experimental conditions. Such systems commonly have large number of sensor
channels providing fast sampling and resulting in large volumes of static and dynamic
data. Running such systems, and performing data analysis with such systems is quite
complicated and often time consuming.

Although more testing and analysis commonly needed for the industry can be
performed by research systems, they are not optimal for many industry-demanded
applications. Corresponding development-centered body part surrogate systems
should be focusing at certain applications, allowing for faster data analysis and pro-
vide the results in the way common for industrial users. Such systems are also easier
to manufacture and are less expensive. Our experience shows, that well-designed
application-oriented body part surrogate systems that can be used without involving
special research personnel have a good potential of becoming commercial products.
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Chapter 4

Technical Challenges and Future
Environmentally Sustainable
Applications for Multi-Material
Additive Manufacturing for Metals

Valentina Pusateri, Constantinos Goulas and Stig Irving Olsen

Abstract

Through additive manufacturing (AM), it is now possible to produce functionally
gradient materials (FGM) by depositing different metal alloys at a specific location to
locally improve mechanical properties and enhance product performance. Despite
recent developments, however, there are still some important trade-offs to consider
and inherent challenges that must be addressed. These include limitations to the
volume, size, and range of materials used and a data-driven strategy to drive decision-
making and automation. Additionally, many potential advantages exist in environ-
mentally sustainable terms of multi-material additive manufacturing (MM-AM). In
particular, for products that require a complex design, high value, and low production
volume, material and energy use can be reduced significantly. However, there are
significant uncertainties in terms of environmental impact and applications of
MM-AM that need to be addressed during the initial stage of the technology develop-
ment to understand its potential future environmental performance improvements.

Keywords: functionally gradient materials, topology optimization, alloys, scale-up,
sustainability

1. Introduction

There is agreement among all the countries of the world that we need to become
more sustainable. The Paris Agreement on climate change provides the basis for an
urgent need for global response to the threat of climate change and the 2030 Agenda
for Sustainable Development addresses sustainability more broadly. A core aim is to
increase the ability of countries to reduce and tackle the impacts of climate change, by
supporting developing and the most vulnerable countries in joining the global effort.
Manufacturing has an elevated environmental impact as it contributes with roughly
98% of the annual total direct carbon dioxide (CO,) emissions, and the industrial
sector alone (among energy, transportation, and building sectors) accounts for
approximately a quarter of the global carbon emissions [1]. One of the major
contributors of the industry sector is the steel production that represents 8% of the
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global CO, emission share [2]. In particular, in 2018 about 1.8 Gt steel was produced
worldwide [3], this corresponds to roughly 2.1 Gt direct CO, emissions worldwide [4]
and represents 8% share of the global CO, emissions [2]. Additionally, the increasing
demand of ore mining for manufacturing [3, 5] has posed attention to the sustainable
extraction and management of abiotic resources [5-7]. In a global perspective, the
supply horizon and scarcity of elements have been considered an important indicators
for the severity of increased extraction although newer methods focusing on environ-
mental dissipation are being developed [8]. Nevertheless, it has also been argued that
resource availability is very dependent on sociopolitical issues, opportunity costs,
fixed stocks, etc., and therefore not well evaluated using an environmental tool such
as life cycle assessment (LCA) [9]. From the perspective of the European economy,
the European Commission monitors and evaluates the critical resources for the
European economy based on their economic importance and supply risk [10]. In that
report, they also evaluate the potential significance of supply risks in different indus-
tries, that is, 3D printing. They recommend diversifying the materials supply, espe-
cially titanium, and minor alloying elements such as scandium and niobium should
be in focus. Additionally, the possibilities of recycling and reuse should be further
investigated [10].

In the literature, the overall sustainability of conventional or additive
manufacturing appeared to be product application or production technique
dependent [1, 11-17]. In this context, the European project, Grade2XL, aims to
investigate the potential of multi-material wire arc additive manufacturing
(MM-WAAM) for large objects relative to strength, durability, and sustainability of
engineering structures [18].

MM-WAAM is a variant of the wire arc additive manufacturing process (WAAM)
that allows for the fabrication of complex parts with multiple materials. In WAAM,
an arc is used to melt a wire consumable, which is then deposited layer by layer to
build up the part [14, 19]. In multi-material WAAM, multiple wire consumables are
used in the same part, allowing for the creation of multi-material parts with unique
properties and improved performance.

From both a sustainability or recycling, and technical point of views, MM-WAAM
still faces various challenges. The primary reason is that the materials are not easily
differentiated into the different waste streams, thus reducing the recycling quality,
and layering different alloys constitute a challenge [20, 21].

2. Current state of the technology for multi-material additive
manufacturing

Multi-material additive manufacturing can produce highly complex products with
improved functional behavior [20, 22], often at a reduced total cost. There are several
available additive manufacturing methods able to achieve multi-material additive
manufacturing with metals, each with its own set of advantages and limitations. The
most common methods include:

* Laser Powder Bed Fusion: This method involves using a high-powered laser or
electron beam to melt and fuse metal powders on a powder bed layer by layer.
Even though typically suited for single material builds, certain modules exist that
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enable the selective distribution of different types of material powder at different
locations in a given layer (e.g., Aerosint multi-material printing bundle [23]).

* Binder Jetting: Binder Jetting involves a printer head which deposits a liquid

binder onto layers of powder. The binder binds the powder together, forming a
solid part. The type of binder or powder being used, can be changed locally and in
this way it is possible to create multi-material parts.

* Sheet Lamination: Sheet Lamination is an additive manufacturing method in

which thin sheets of material (usually supplied via a system of feed rollers) are
bonded together layer-by-layer to form a single piece that is cut into a 3D object
using a CNC machine. Ultrasonic Consolidation is an AM method belonging to
the sheet lamination family that enables multi-material printing by joining
dissimilar metal sheets in solid state using ultrasonic vibrations.

* Directed Energy Deposition: This method involves using a high-powered laser or

other heat source (Arc, electron beam) to deposit and fuse metallic material in
powder or wire form directly onto a build platform. By moving the heat source
and changing the type of material being deposited, it is possible to create multi-
material parts. A recent commercialized multi-material DED solution was
presented by Meltio [24], which enables the coaxial feeding of two different wire
feedstock into a focus point of six individual lasers. MM-WAAM, the main
technology studied in the Grade2XL project belongs to the DED family, and for
this reason, we will analyze MM-WAAM further.

DED (and MM-WAAM) has some unique advantages [25], which make it a very

attractive manufacturing method for large-multi-material components. These advan-
tages include:
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* High rate of material deposition, reaching up to 5 kg/h deposition rate per

deposition unit.

* Ability to use widely available feedstock in the form of conventional

welding wire and/or coarse metal powder, which is low cost compared to LPBF
powders.

¢ Ability to produce components of large size without significant increase in
ytop p g g

equipment investment cost, since there is no need for a defined chamber in
protected atmosphere. As a motion system, an industrial robot can be used,
which enables to reach dimensions greater than 1 m.

* Ability to deposit different materials where it is needed in the component,

without major process disruptions. The way the second material is delivered
is versatile; it can be introduced by a second robot, tandem torch, or cold
wire/powder feeder.

* Using multiple types of wire or blown powder as feedstock allows for the

production of complex functional gradients, multi-material layers, and even
composite materials.
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3. Technical challenges and future applications for multi-material
additive manufacturing for metals

For all Metal Additive Manufacturing (MAM) methods, their technical challenges
currently hinder broad adoption of the technology in the industry. Some challenges
are specific to each MAM method and some are common. The common challenges are
related to the fact that a monolithic component is built with different materials, which
is rather uncommon in the industry. Mixing and melting different materials together
in a single component causes the risk of creating intermetallic phases and interfaces in
the material that may exhibit undesired behavior, which needs to be studied case-by-
case for every combination and mixing level. This of course means that in case the
multi-material part needs to be certified, new protocols will need to be developed to
account for these variations. Additionally, the alloys currently used are not designed
to be mixed, so the elements present in each alloy are not necessarily designed to be
compatible with other alloys in the same component. Non-material related but still
very important is the limitation that MAM has compared to the single material coun-
terpart in terms of scalability. Since MAM processes become increasingly complicated
to accommodate multiple materials, the production workflows also become compli-
cated, raising the costs.

The MAM techniques have some extra challenges. In LPBF, for example, the use
of multiple materials becomes a complex matter that influences the whole
process chain. From separating single material powders, reclaiming them, as well
recycling the multi-material component remain challenging. However, there are
more difficulties such as complexity in selective material deposition, issues with
co-processing and material interface formation and developing materials and
process modeling [26, 27]. For DED, there are some specific challenges as well,
including the low resolution in terms of where the materials are mixed, which also
results in extensive post-processing requirements. Additionally, in the case blown
powder is used, a large proportion of the material used is not ending up in the part,
but is lost or contaminated and not reused, which reduces the efficiency of the
method.

Multi-material wire arc additive manufacturing (WAAM) can be used to
fabricate a wide range of complex parts with unique properties and improved
performance. Because it allows for the use of multiple materials in the same part, it
opens new possibilities for the design and manufacture of parts with functional
and performance characteristics that cannot be achieved using traditional
manufacturing processes. Some examples of parts that can be made with
multi-material WAAM include:

* Structural components with tailored mechanical properties: by combining
materials with different mechanical properties, such as stiffness, strength, and
toughness, it is possible to create structural components with tailored properties
that are optimized for specific applications. For example, multi-material WAAM
could be used to create aircraft components with high strength and low weight,
or automotive or railway components with high stiffness and good fatigue
resistance. For example, in Figure 1, the MM-WAAM produced bogie consists of
a combination of steels with different strengths, which optimizes the mechanical
behavior of the component while it minimizes the material that is used for its
production.
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Figure 1.
Topology optimized, MM-WAAM produced bogie for the railway industry. Combination of different steels yields
superior mechanical behavior of the component. Image courtesy of RAMLAB BV.

* Functionally graded materials: by carefully controlling the composition and
location of the different materials in a part, it is possible to create functionally
graded materials with graded properties. For example, a part could be designed
with a stiff core and a compliant outer layer, or with a high-conductivity region
and a low-conductivity region. This can improve the performance and functional
properties of the part.

* Complex shapes with internal features: because the WAAM process allows for the
deposition of material layer by layer, it is possible to create complex parts with
internal features that would be difficult or impossible to fabricate using other
manufacturing processes. For example, multi-material WAAM could be used to
create parts with internal channels, passages, or voids that are required for
specific applications.
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The potential applications of multi-material WAAM are vast and will continue
to expand as the technology matures and advances. Since the potential of the
technology is high, it is very important to assess the environmental consequences of
producing parts with MM-WAAM and other MAM methods instead of traditional
methods.

4. Life cycle assessment for multi-material additive manufacturing
for metals

It is important to assess the sustainability impact of anthropogenic activities and
technologies in order to understand what contributes most and how to reduce the
impacts. To this purpose, life cycle assessment (LCA) was applied to WAAM, which is
an emerging technology still under development and optimization. LCA is a state-
of-the-art methodology for assessing multiple environmental impacts of a system over
time and space throughout its lifecycle from cradle to grave, that is, from extraction of
the materials through production and use or operation of the system till its end-of-life
(EoL) [28]. It is further an ISO-standardized methodology [29, 30].

Many claim several benefits of additive manufacturing compared to conventional
manufacturing [14, 15, 17, 19]. For instance, reduction of waste, energy, or fuel
consumption during the use of product and reduction of cost due to optimization of
shapes, lightweight design, and shorter time from ordering a product until you receive
it. However, to what extent are these claims valid? Which quantifiable trade-offs are
important? As explained, LCA takes a life cycle thinking perspective; this means
that all the processes required to deliver the function of a product or activity from
the raw material production to the disposal of it are included in the assessment
(see Figure 2) [31].

Figure 3 represents a generic overview of all life cycle processes considered for
Grade2XL products produced with WAAM. The two boxes with dotted lines represent
avoided activities as incineration provides heat and power additionally to burning of
waste, and with recycling of metal scrap is possible to avoid the production of a
certain amount of virgin material. In this study, the modeling approach taken was
attributional and system expansion was used to assess processes that provided a
second service in addition to the main one (e.g., incineration) [31].

A further advantage of LCA is the holistic perspective of the comprehensive
coverage of environmental issues. Rather than focusing exclusively on climate change,
which currently receives generally most attention, LCA covers a broad range of
environmental issues and impacts. For instance, it usually includes among others:
freshwater use, land occupation and transformation, toxic impacts on human health,
and depletion of non-renewable resources. In this way, the major trade-offs between
impacts are addressed and burden-shifting can be avoided.

For all the reasons previously mentioned, the LCA framework is currently used to
compare the sustainability of all Grade2XL products to the same objects fabricated
with the traditional manufacturing processes. Figure 4 illustrates the preliminary
results of the cradle-to-grave LCA of the production of a holding ring for spherical
turbine inlet valves in hydraulic power plant produced with WAAM or casting. The
software and database used were SimaPro 9.4.0.2 and ecoinvent 3.8, respectively. The
functional unit was defined as “enabling the production of an average amount of GWh
for 10 years in France.” The specific value of the average amount is confidential and
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two boxes with the dotted line are avoided products.

thus not disclosed here. All the equivalent processes were excluded from the calcula-
tion of the environmental impact. Figure 4 illustrates the impact score for multiple
environmental issues considered in the assessment (see also Table A3 in the

Appendix).
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Internally normalized impact score with ReCiPe2016 (H) midpoint for holding ring produced by conventional
manufacturing (CM, columns on the left) and WAAM (columns on the right). The full name of the impact
categories in the x-axis is veported in Appendix A.2.

It is clear the quite better environmental performance of WAAM over conven-
tional processes, except for the impact category “ionizing radiation”. In order to
understand the reason why the impact score is visibly higher for WAAM for this
impact category, a simple hot-spot analysis was developed by doing a process contri-
bution analysis for WAAM. Figure 5 illustrates the processes that contribute to the
impact score for each impact category of the holding ring produced with WAAM. In
general, the steel and bronze wires and the energy used during manufacturing are
clearly the major contributors to both type of manufacturing processes. In particular,
in the impact category “ionizing radiation” the major contribution comes from the
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Figure 5.

Process contribution analysis with ReCiPe2016 (H) midpoint for holding ring fabrication by WAAM. The full
name of the impact categories in the x-axis is veported in Appendix A.2.
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Internally normalized impact score with ReCiPe2016 (H) midpoint for bathtub mold fabricated by conventional
manufacturing (CM, columns on the left) and WAAM (columns on the right). The full name of the impact
categories in the x-axis is veported in Appendix A.2.

energy consumption during WAAM operation. The negative contribution of the
recycled material to the total environmental impact can be explained by the chosen
modeling method, in which the recycled material is avoiding the extraction and
production of primary material [28, 31].

Similarly, a Life Cycle Assessment was done for a bathtub mold. Figure 6
shows the internally normalized results of the LCA of the production applying
WAAM or conventional manufacturing (i.e., casting and Nickel vapor deposition in
sealed vessel). In this case, the functional unit was defined as “enabling the
production of 10,000 polyurethane bathtubs without surface defects in the
Netherlands.” All the equivalent processes between the two systems were
excluded from the calculation of the environmental impact. Figure 6 clearly
shows a lower impact score of WAAM over conventional processes, except for
the impact category “ionizing radiation”. It is worth to mention that for
“Terrestrial/Freshwater/Marine ecotoxicity” the WAAM alternative’s impact
score is 1% of the conventional alternative explaining why it does not show in
Figure 6. It is possible to see the numerical results more precisely at Table A2 in the
Appendix.

In this case, as well, a simplified hot-spot analysis was done for WAAM by ana-
lyzing its process contribution for the bathtub mold. Figure 7 presents the processes
that contribute to the impact score for each environmental impact category of the
bathtub mold manufactured with WAAM. It is clear that, in general, the steel wires
are the major contributors. In particular, in the impact category “ionizing radiation”
the major contribution comes from the energy consumption during WAAM operation.
The negative contribution of the recycled material to the total environmental impact
as for the holding ring is linked to the fact that system expansion is considered
[28, 31].

Overall, for both products considered their LCA showed the highest impact score
for the impact category “ionizing radiation” due to the elevated electricity use during
WAAM. However, except for this impact category WAAM appears to be a better
alternative than the conventional manufacturing route.
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Process contribution analysis with ReCiPe2016 (H) midpoint for the fabrication of a bathtub mold by WAAM.
The full name of the impact categories in the x-axis is reported in Appendix A.2.

5. Expected changes on the environmental performance by upscaling and
optimizing a metal additive manufacturing (MAM)

Considering sustainable development of new and future technologies is
essential. However, future applications of different technologies involve many
uncertainties both related to the markets, to technology upscaling, etc. [32].
Assessing this with LCA in a so-called prospective LCA, entails issues of unknown
future applications (i.e., aim, functionality, system boundaries), industrial scales
(compared to lab scale), and large inventory data gaps comprising issues of data
availability and data quality, altogether increasing the level of LCA uncertainty
[32, 33]. However, it is important to address those aspects during an initial stage of the
technology development to understand potential future environmental performance
improvements of a technology [33, 34]. [32] reviewed 44 case studies of prospective
LCA and developed a framework for facing the challenges mentioned and [35] devel-
oped a prospective assessment of the environmental impact of incremental sheet
forming (ISF). [36] took an approach mainly looking at the expected changes of
environmental performance by upscaling and process optimization. Taking this
approach, an individual metal additive manufacturing (MAM) system from lab- to
full-scale production was qualitatively analyzed in order to anticipate the potential
influence of upscaling. In particular, it was assumed that the upscaled system would be
fully optimized, automated, and continuously operating for large metal objects pro-
duction with a low annual volume production demand. Below is presented a more
detailed list of assumptions:
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* Medium or large objects;

* Same technology different products (thanks to build-in flexibility);

* Produce many different objects every year;

* All types of metal additive manufacturing techniques are considered (e.g.,
directed energy deposition [DED], sheet lamination, electron beam melting
[EBM], laser powder bed fusion [LPBF], binder jetting);

* Fully optimized,;

¢ Industrial scale;

¢ Automated;

* Low volume production demand of the same part per year;

* Not improvement in manufacturing energy efficiency;

* Not considered downtime;

* Continuously working system;

For this qualitative forecast, upscaling factors and rule-of-thumb were discussed
with MAM process operation experts, and retrieved from the literature [24, 37-41].
Table 1 reports the expected changes in environmental performance by upscaling a
metal additive manufacturing system from small to full scale.

Overall, upscaling is expected to result in a reduction of environmental impact
of MAM per unit part produced. The larger manufacturing system configuration
will result in an increased material consumption, but this is forecasted to not

significantly affect the environmental performance. The main benefits from MAM
system upscaling stem primarily from an improved process capability. This would

Model parameter Forecasted change when up-scaled from lab-scale Differences induced by

to full-scale upscaling and expected
. consequences on
Factor Motivation environmental
performance

Process capability Increase by a For some laser-based directed Larger need of metals per

(yield) factor 2 to 10 energy deposition (DED) and year is forecasted to enlarge
(considering kg laser powder bed fusion (LPBF)  the impacts associated to
product/h) techniques, it has been already the MAM system on

possible to increase massively the climate change, resource
deposition rate in laboratory with ~depletion, and various
industrial scale manufacturing toxicity- and non-toxicity-
systems (e.g., for WAAM from  related impact categories
0.5 to 5 kg/h, for EBM from 2to  due to the need for more
20 kg/h) material. Of course, this
will also depend on what
the products substitute
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Model parameter

Forecasted change when up-scaled from lab-scale

to full-scale

Factor

Motivation

Differences induced by
upscaling and expected
consequences on
environmental
performance

Material input for
construction of MAM
full-scale system for
unit part produced

Decrease by a
factor 1to 10 (in
relation to process
outputs)

The factor would depend on the
upscaling approach considered
since it is possible to have: a)
increased electricity use and
deposition rate, or b) higher
number of 3D printing systems.
In the former case, the amount of
necessary material for MAM
equipment for unit part produced
would decrease proportionally to
the deposition rate (see process
capability above). However, this
is not applicable to all MAM
techniques (e.g., LPBF). In the
second case, the needed material
input for construction would be
the same as for now. In general,
since an increase in process
capability is forecasted, the
material for capital goods per unit
part produced will likely decrease
proportionally with the
deposition rate

Smaller need of metals
and crude oil per unit part
produced is forecasted to
decrease the impacts on
climate change, resource
depletion, and various
toxicity- and non-toxicity-
related impact categories
due to the less need for
fabrication of
supplementary parts and
equipment

Material input for
construction of post-
treatment MAM full-
scale system for unit
part produced

Decrease by a
factor 1to 5 (in
relation to process
output)

The factor depends on several
aspects: a) heat treatment
temperature, and b) geometry of
the part(s). There is a difference
if the heat treatment is done
locally or the part does not fit into
an available furnace and the
producer uses a portable heat
treatment service. Moreover,
once MAM will be optimized the
need for subtractive
manufacturing processes (e.g.,
milling, grinding) will be

decreased

Electricity use for unit
part produced

Decrease by a
factor 2 to 10 (in
relation to process
output)

The manufacturing processes are
assumed to not have any
improvement in energy
efficiency. However, the
electricity use is dependent on the
process capability, thus if the
latter is improved for the
production of one part, then also
the electricity use can be reduced
to the same extent

Climate change, ionizing
radiation, and toxic-
impacts on humans and
freshwater ecosystems are
projected to stay the same
due to reduced emissions
of fossil CO,, NO,, SO,,
and metals stemming
from lower electricity use
for unit part
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Model parameter
to full-scale

Forecasted change when up-scaled from lab-scale

Factor

Motivation

Differences induced by
upscaling and expected
consequences on
environmental
performance

Process gas use for
unit part produced

Decrease by a
factor 2 to 10 (in
relation to process
output)

The increase in efficiency of
process gas use is related to a)
impurities differences in the part,
and b) process capability. For
instance, if it is known how to
manipulate well the production of
a specific product, the process gas
use could be reduced up to 40%

Climate change, fossil
depletion, water
consumption and toxic-
impacts on humans and
freshwater ecosystems are
projected to be minimized
due to lower emissions of
fossil CO,, NO, SO,, and
vapor due to reduced
process gas use for unit
part

Metal scrap for unit
part produced

Increase by a
factor 1.5 (base
plate excluded
and in relation to
process output)

The bigger the part, the more a
distortion would have an impact
on the tolerance of the as-built
part. For manufacturing one part
and increase its tolerance, the
amount of material which has to
be grinded off later (more scrap)
will also increase. Except the
surface can remain in the as-built
state, then we get an increased
safety by thicker parts. Moreover,
if more than one part is
manufactured, the tolerance
would be optimized and
minimized. Since a scenario with
large product is assumed, a factor
of 1.5 in relation to the part
weight was assumed. This means
if the part weight is doubled, the
scrap is three times as high

Reduced metals scraps
production per unit of
manufacturing system is
forecasted to relatively
decrease the impacts on
climate change, resource
depletion, and various
toxicity- and non-toxicity-
related impact categories
due to the need for less
waste treatment processes
and less need for raw
materials

Fumes and powder ~ No change (in
relation to process

output)

dispersion during
manufacturing for
unit part produced

Generally, it is expected that
machines would be encased, as
standardized machines in the
market, with the possibility of an
effective fume extraction. Thus,
the emission outside the machine
would be minimized (near zero)

Fumes and powder
dispersion during
manufacturing for unit
part is forecasted to not
change so the impacts
would be on climate
change, resource
depletion, and various
toxicity- and non-toxicity-
related impact categories,
also thanks to special
working garments and an
improved filtration
system (e.g., hoods)

Table 1.

Expected changes established by upscaling from lab-scale to full-scale MAM system and likely consequences of its

environmental performance.
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influence positively also the input/consumption of electricity and process gas use for
unit part produced. Moreover, it is expected that an advancement of MAM system
optimization can achieve a lower production of metal scrap and an improved
handling of welding fumes or powder dispersion. On the whole, this could reduce
the current environmental impact associated with a MAM system from 1.5 to 10
times. The numbers would depend on several factors (e.g., MAM technology,
product shape, etc.). Overall, these numbers should be considered carefully, also
because they were obtained through a qualitative investigation of future expected in
environmental performance due to improvement of the technology, and there are
several underlying assumptions within this analysis and uncertainties were not
quantified.

6. Future environmentally sustainable applications for multi-material
additive manufacturing for metals

On one hand, when planning product fabrication for additive manufacturing,
often the focus is on design shape complexity (e.g., “solid-to-cavity ratio”

[1, 19, 42, 43]), and lightweight and strength (e.g., “strength-to-weight ratio” [44]).
In particular, there are studies illustrating the potential of multi-material

additive manufacturing to enhance product strengths and prolong its lifetime

[20, 21] which are beneficial aspects in relation to circular economy. On the other
hand, there is a general lack of argument relating to how product recyclability
design can or should be applied to multi-material additive manufacturing. This topic
has been discussed relative to the metal manufacturing sector, life cycle assessment
(LCA) and circular economy but only in generic terms addressing the complexity of
production of clean recycled materials [45-50]. Currently, there is a decrease in
quality of metal stocks as a result of nowadays use of complex alloys and the
recovery practice of those metals. That happens even though the technology and
contemporary infrastructures would allow to undertake this challenge and maintain
the quality. Thus, to bring forward industrial ecology concepts into businesses, the
metallurgic constraints of metals recovery should complement policy development
and product design taking into account costs feasibility aspects [48-50]. Indeed, all
systems and technologies starting from product design to metal recovery are
interconnected and could support in addressing this challenging task [47] but

there is a need for tools or frameworks to understand and help with this task.
Particularly interesting in this context is the concept of the metal wheel

introduced by [48]. The first illustrates metals linkages in geology, showing the
capacity of current metallurgical technologies for the recovery of trace elements in
their (primary or secondary) feed.

Here we applied this framework to investigate design for recyclability and
resource efficiency relative to alloys used for multi-material Wire-arc Additive
Manufacturing (WAAM). Indeed, being aware of those during product design and
process optimization can support the prevention of negligent recycling and develop
product design for recycling and resource efficiency [49].

Figure 8 illustrates the Metal Wheel for the small holding ring (described earlier)
made of three different types of wire: high-strength alloy and hot rolled steel, stainless
steel martensitic, and bronze.
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Figure 8.

Metal Wheel for a small holding ring adapted from [49]. In the small circles ave represented with different colors,
the trace compounds. When they are green, they can be mainly recovered; in yellow, they can be recovered in the
alloys or lost if they are directed to incorrect stream or scrap; in ved, the elements are lost as they are not compatible
with carrier metal.

Here it is clear that the majority of elements present high chances to be lost if they
end up in the wrong scrap stream (i.e., yellow circles). However, in stainless steel,
Nickel and Chromium would be mainly recovered, and in bronze both zinc and lead
would be primarily retrieved.

Figure 9 shows the Metal Wheel applied to investigate potential for design for
recycling and resource-efficiency for a bathtub mold (described above) produced
with two wires: high-alloyed ferritic martensitic stainless steel, high strength alloy,
and hot rolled steel.

Figure 9 shows that also in this case, only a few elements can be recovered (see
Nickel and Chromium in stainless steel alloy). The others show high probability of
being dispersed if they finish in the wrong scrap stream. On the other hand, in
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Cu and NI

Figure 9.

Metal Wheel for a bathtub mold adapted from [50]. In the small circles are represented with different colors, the
trace compounds. When they are green, they can be mainly recovered; in yellow, they can be vecovered in the alloys
or lost if they ave directed to incorrect stream or scrap; in ved, the elements are lost as they are not compatible with
carrier metal.

general, the fact that multiple different alloys are melted together adds complexity to
the efficiency of the named trace elements recovery.

7. Conclusions

The manufacturing sector, especially metal, as a significant contributor to green-
house gas emissions, needs to adopt a lower emission strategy. Additionally, there is
an increased demand for circular economy strategies aiming to retain the value of the
material for as long as possible meaning either reducing use, prolonging lifetime, or
optimizing recycling of materials. This chapter aims to address the potential future
sustainability of metal additive manufacturing. At the same time, there are common
technical challenges, such as the possibility of obtaining undesired behavior of parts
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originated by mixing several materials, which might not be compatible, in a single
component due to lack of standardization.

Most MAM technologies are currently still at small scale or lab scale. Through a
qualitative evaluation, upscaling to industrial scale will probably reduce the environ-
mental impacts of the technology. The results from the environmental life cycle
assessments already show an environmental benefit of multi-material additive
manufacturing in relation to conventional manufacturing processes. The main
impacts from MAM originate from metal production, which is why there is also
significant benefit to harvesting by recycling the metals after the manufactured prod-
uct’s end. In particular, recycling multi-material objects may constitute challenges
with reduced quality of metal stocks if individual alloying elements are dissipated due
to not being recoverable from the recycled metal base. The compatibility and recov-
erability should be considered early in the design stage.
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A. Appendix

A1l. Abbreviations

Nomenclature

LCA Life Cycle Assessment

MAM Metal Additive Manufacturing
MM-AM Multi-material Additive Manufacturing
WAAM Wire-arc Additive Manufacturing
FGM Functionally gradient materials

AM Additive Manufacturing

CM Conventional Manufacturing

EoL End-of-Life

DED Directed Energy Deposition
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Nomenclature
LCA Life Cycle Assessment
GW Global warming
SOD Stratospheric ozone depletion
IR Ionizing radiation
OF,HH Ozone formation, Human health
FPMF Fine particulate matter formation
OF, TE Ozone formation, Terrestrial ecosystems
TA Terrestrial acidification
FE Freshwater eutrophication
ME Marine eutrophication
TEX Terrestrial ecotoxicity
FE Freshwater ecotoxicity
MEX Marine ecotoxicity
HCT Human carcinogenic toxicity
HNCT Human non-carcinogenic toxicity
LU Land use
MRS Mineral resource scarcity
FRS Fossil resource scarcity
wcC Water consumption
Table A1.

List of abbreviations used in the book chapter.

A2. Life cycle assessment—results

Tables A2 and A3 illustrate the characterized midpoint results with ReCiPe2016
(H) midpoint for holding ring and bathtub mold.

Impact category Unit Casting WAAM
Global warming kg CO, eq 5.94E+03 3.07E+03
Stratospheric ozone depletion kg CFCl1 eq 2.16E-03 1.43E-03
Ionizing radiation kBq Co-60 eq 5.50E+02 1.06E+03
Ozone formation, Human health kg NO, eq 1.33E+01 6.23E+00
Fine particulate matter formation kg PM2.5 eq 1.55E+01 5.61E+00
Ozone formation, terrestrial ecosystems kg NO, eq 1.36E+01 6.37E+00
Terrestrial acidification kg SO, eq 2.16E+01 1.13E+01
Freshwater eutrophication kg P eq 6.51E+00 3.02E+00
Marine eutrophication kg N eq 7.85E-01 2.73E-01
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Impact category Unit Casting WAAM
Terrestrial ecotoxicity kg 1,4-DCB 1.06E+05 2.27E+04
Freshwater ecotoxicity kg 1,4-DCB 5.51E+02 2.41E+02
Marine ecotoxicity kg 1,4-DCB 7.68E+02 3.24E+02
Human carcinogenic toxicity kg 1,4-DCB 4.71E+03 1.34E+03
Human non-carcinogenic toxicity kg 1,4-DCB 1.20E+04 5.18E+03
Land use m2a crop eq 3.65E+02 1.12E+02
Mineral resource scarcity kg Cu eq 3.83E+02 5.73E+01
Fossil resource scarcity kg oil eq 1.56E+03 8.12E+02
Water consumption m? 8.77E+01 6.19E+01
Table A2.
Characteriged midpoint results with ReCiPe2016 (H) midpoint for holding ring.
Impact category Unit CM WAAM
Global warming kg CO, eq 3.40E+04 5.48E+03
Stratospheric ozone depletion kg CFClleq 1.95E-02 3.22E-03
Ionizing radiation kBq Co-60 eq 3.33E+03 5.13E+03
Ozone formation, human health kg NOy eq 1.22E+02 9.39E+00
Fine particulate matter formation kg PM2.5 eq 1.20E+02 5.95E+00
Ozone formation, terrestrial ecosystems kg NO, eq 1.23E+02 9.55E+00
Terrestrial acidification kg SO, eq 3.34E+02 1.45E+01
Freshwater eutrophication kg P eq 3.52E+01 4.04E+00
Marine eutrophication kg N eq 2.03E+00 3.82E-01
Terrestrial ecotoxicity kg 1,4-DCB 1.47E+06 1.09E+04
Freshwater ecotoxicity kg 1,4-DCB 4.63E+04 3.38E+02
Marine ecotoxicity kg 1,4-DCB 5.67E+04 4.38E+02
Human carcinogenic toxicity kg 1,4-DCB 5.16E+03 7.97E+02
Human non-carcinogenic toxicity kg 1,4-DCB 2.64E+05 6.26E+03
Land use mZ2a crop eq 1.73E+03 1.64E+02
Mineral resource scarcity kg Cueq 1.30E+03 2.13E+01
Fossil resource scarcity kg oil eq 8.44E+03 1.57E+03
Water consumption m’ 4.24E+02 1.20E+02

Table A3.

Characteriged midpoint results with ReCiPe2016 (H) midpoint for bathtub mold.
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Chapter 5

3D Printing of Biomimetic
Functional Nanocomposites via
Vat Photopolymerization

Tengteng Tang, Dylan Joralmon and Xiangjia Li

Abstract

The complex structures and functional material systems of natural organisms
effectively cope with crisis-ridden living environments such as high temperature,
drought, toxicity, and predator. Behind these excellent survival strategies evolved
over hundreds of millions of years is a series of effective mechanical, optical, hydraulic,
and electromagnetic properties. Bionic design and manufacturing have always
attracted extensive attention, but the progress has been limited by the inability of
traditional manufacturing techniques to reproduce microscopically complex struc-
tures and the lack of functional materials. Therefore, there is an urgent need for a
fabrication technique with a high degree of fabrication freedom and using composites
derived from biological materials. Vat photopolymerization, an emerging additive
manufacturing (aka 3D printing) technology, exhibits high manufacturing flexibility
in the integrated manufacturing of multi-material systems and multi-scale struc-
tures. Here, biomaterial-inspired heterogeneous material systems based on polymer
matrices and nanofillers, and the introduction of magnetic and electric fields on the
basis of conventional 3D printing systems to spatially and programmably distribute
nanofillers are summarized, which provides a new strategy for fabricating aniso-
tropic structures. The application of this versatile 3D printing system in fabricating
mechanically reinforced structures, polymer/metal structures, self-actuating, and
superhydrophobic structures is also elaborated.

Keywords: 3D printing, biomimicry, nanocomposite, magnetic field, electric field

1. Introduction

Organisms in nature exhibit unique survival strategies due to their special multi-
scale and multi-material structures. These biological structures are not only highly
hierarchical but also highly flexible and have a clear division of labor in function.

The multi-scale or multi-layer structure allows it to exhibit excellent heat conduction
efficiency and energy dissipation when it is subjected to external stimuli, such as

high temperature and impact force. Biomaterials make it have excellent mechanical,
optical, and hydraulic performance. For example, the eggbeater-like structure on the
surface of Salvinia molesta has excellent superhydrophobic properties, keeping the leaf
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surface clean all the time [1]. Nacre’s bricks-and-mortar multilayer structure allows it
to effectively disperse the energy shock when it is subjected to external force, show-
ing excellent energy dissipation capability [2]. Due to the mechanical reinforcement
of the arrayed nanofiller in the polymer, the limpet teeth, as the hardest structure in
nature, make it firmly attached to the rock wall in the turbulence of the ocean [3, 4].
The microneedles on the surface of the cactus can efficiently absorb moisture in the air
even in arid environments [5]. These structures with different functions all contribute
to improving the survival rate of the natural organisms. Hierarchical structure [1, 6,
7], biomaterial matrix [8, 9], and organic/inorganic fillers [8, 10, 11] are all essential
to realize highly functional structures, which also provide broad opportunities for
fabricating next-generation highly integrated functional structures and materials.

Bionic design and manufacturing have always been hot spots in scientific research,
and a lot of research work has been carried out in this field. Some reported pre-
liminary results also demonstrate the feasibility of artificial biomimetic structures.
For example, an anisotropic structure whose deformation can be programmably
controlled is produced based on the hygroscopic properties of cellulose [9], and the
mechanical reinforcement caused by the electric field arrangement of multiwalled
carbon nanotubes (MWCNTs) inspired by shrimp claws [12], and the superhydro-
phobic structure based on S. molesta leaves showed excellent performance in oil sepa-
ration [1]. Among the manufacturing technologies corresponding to these artificial
structures, vat photopolymerization (VPP) [13], a layer-by-layer projection and selec-
tive solidification printing technology, can not only manufacture complex structures
but also far outperform 3D printing methods such as fused deposition modeling
(FDM) [14] and direct ink writing (DIW) [15] in terms of printing accuracy and
efficiency. However, the degree of biomimeticity of current artificial structures and
the development of bioinspired materials are still limited.

In order to solve the aforementioned problems, the researchers made the following
new attempts based on the previous bionic manufacturing. By learning the material
composition of natural structures, a series of heterogeneous hybrid systems with
mixtures of polymer matrix and nanofillers have been developed. The introduction
of magnetic and electric fields makes it possible to align nanofillers during printing,
which further endows the structure with anisotropic behavior. Specifically, vat pho-
topolymerization of mechanically enhanced structures inspired by Limpet teeth and
magnetic field-assisted alignment of nanofillers will be described in Section 2. The
heterogeneous material system inspired by the multilayer metal-containing shell of
scaly-foot snail, polymer/metal structure, and electric field-assisted 3D printing system
will be described in Section 3. The anisotropic gradient distribution and deformation-
programmable porous structure inspired by the mechanism of Delosperma nakurense’s
seed compartment moisture absorption and release of seeds, and liquid crystal templat-
ing assisted vat photopolymerization will be described in Section 4. The immersed
surface accumulation 3D printing of superhydrophobic structure inspired by S. molesta
leaves will be described in Section 5. Finally, the summary and prospect of materials
and methods for biomimetic manufacturing will be detailed in the conclusion section.

2. Limpet teeth inspired nanocomposite for mechanical reinforcement

Limpets are a type of aquatic gastropod mollusk with flat, cone-shaped shells that
use a specialized organ called the radula to acquire food from hard ocean rocks [16, 17].
As shown in Figure 1, the radula is composed of rows of mineralized teeth that exhibit
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Figure 1.

Images of limpet tooth. (a) Top view of limpet shells; (b) microscale image of radula organ with exposed teeth;
(c) microscale image of a single limpet tooth showing the base and cusp; (d) scanning electron microscope (SEM)
image of limpet teeth micvostructure with aligned mineral fibers. (a) Copyright from ref. [18]; (b) copyright from
vef. [16]; (c, d) copyright from ref. [17].

the highest known mechanical strength, surpassing that of any other naturally occur-
ring materials [16]. This excellent mechanical strength results from biomineralization,
a cyclical process, that reinforces the chitin protein matrix through the distribution

of aligned iron oxide minerals to create distinctive hierarchical structures [17]. These
mineral-based microstructures have evolved to provide limpets with the necessary
strength to graze on rough ocean surfaces, enabling them to extract nutrients from
their environment without incurring damage [16]. However, the structural rigidity

of mature limpet teeth eventually declines due to repeated feedings, which prompts
the formation of new rows of biomineralized teeth [17]. The naturally occurring
nanocomposite, a combination of soft protein and aligned mineral phase, is primar-
ily dictated by the presence of mineral nanorods, which enhance the mechanical
performance of otherwise weak biomaterials [17]. Consequently, limpet teeth provide
an ideal design inspiration for the fabrication of a biomimetic nanocomposites with
hierarchical microstructures and superior mechanical strength.

2.1 Functional architecture of limpet teeth

Biomaterials found in living organisms have adapted through natural selection
processes to develop unique microstructures with enhanced physical properties
[2,12, 16, 17]. For example, the complex microstructures found in mantis shrimp have
adapted a twisted plywood structure, known as a Bouligand structure, to enhance its
mechanical properties and flexibility in order to withstand high-impact punches using
its fist-like clubs [2, 12, 19]. Recent studies have determined that limpet teeth exhibit a
linear elastic modulus of 120 GPa under tensile testing conditions [16]. Furthermore,
the mineral phase of tooth samples was demonstrated to have a linear elastic of 180 GPa,
which, compared to the overall structure, indicates that the observed mechanical strength
is primarily attributed to the mineral phase [16]. This superior mechanical strength,
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through the integration of biomineralized reinforcement of a polymer matrix, relaxes
challenges associated with manufacturing technologies to fabricate microstructures with
highly complex geometries and excellent mechanical performance. Current fabrication
methodologies have certain limitations that must be addressed given the high degree of
difficulty in achieving microstructures with aligned mineral biomaterials. Through recent
advancements in biomimetic AM technologies, these limitations can be mitigated by
rigorously controlling the microstructures using 3D printing methods that were previ-
ously unachievable through traditional fabrication methods [3].

Considerable challenges arise from the capability to create uniform mineral
nanofillers with adjustable dimensions, such as length and cross-sectional area. The
interaction of the mineral nanofillers within the chitin-polymer matrix plays a critical
role in the observed tensile strength in the natural composite material based on vary-
ing dimensions and orientation. Moreover, the ability to develop mineral nanofillers
with desired dimensions, with high repeatability, is of key importance to maximizing
the mechanical strength in 3D printed nanocomposite parts. Therefore, these chal-
lenges have led to strategies that incorporate physical fields to aid in the alignment of
magnetic microbundles during photopolymerization [2, 3, 12].

Integrating a physical field during the 3D printing process allows for high control
of the alignment direction of mineral nanofillers in order to reinforce the printed part
such that the compressive, tensile, and bending are deflected by the mineral con-
stituents. The controlled alignment of mineral nanofillers within the 3D printed part
is imperative to effectively create an AM process capable of fabricating hierarchical
microstructures into a fully functional 3D object using a bioinspired nanocomposite.
Using methods such as physical field-assisted 3D printing, a bioinspired nanocom-
posite material can be created and manipulated into a fully functional 3D shape that
exhibits a significantly high mechanical strength in comparison to other microscale
manufacturing processes as well as highly accurate and controllable micro features.

2.2 Magnetic field-assisted vat photopolymerization

In order to reproduce the microstructures observed in limpets’ teeth, an AM
process, known as magnetic field assisted vat photopolymerization (MF-VPP), can be
employed because of its flexibility to control the alignment direction of ferromagnetic
nanofillers in polymeric resins, depicted in Figure 2a. For example, when a dynamic
magnetic field is applied to the printing region, randomly distributed magnetic
nanoparticles align along magnetic flux lines and subsequently agglomerate to form
magnetic microbundles. Furthermore, the magnetic-field-assisted 3D printing
process is highly advantageous because of its capability to rapidly align magnetic
nanofillers in any spatial direction without direct contact between the magnet and
nanocomposite material. A digital light projector (DLP) selectively cross-links the
polymer resin on the printing platform, using a microscale mask image, which asa
result constrains the magnetic nanofillers in the structure, as seen in Figure 2b. This
process of alignment and photopolymerization is consecutively repeated, in a layer-
by-layer fashion, to fabricate the desired 3D printed object.

Furthermore, optimization of printing parameters is highly dependent on the
strength of the magnetic field and nanofiller concentrations because of light scat-
tering effects that inhibit photopolymerization. As shown in Figure 2c, as the
concentration of magnetic nanofiller increases, microbundle length also increases
while the gap between adjacent bundles is reduced. Moreover, increasing the strength
of the magnetic field significantly increases microbundle length, when compared to
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Magnetic field assisted vat photopolymerization. (a) Schematic of MF-VPP printer with COMSOL Multiphysics
simulation of magnetic flux lines in the printing vegion; (b) images showing the alignment of different
concentrations of iron hydroxide nanoparticles within photopolymer matrix; (c) compression strength of
reinforced iron hydroxide with different ivon oxide concentrations. All figures’ copyright from vef. [4].

microbundle length under weaker magnetic fields, while simultaneously decreasing
the bundle diameter and gap. Consequently, nanocomposite material with high con-
centrations of magnetic nanofiller requires longer exposure times since it is difficult
for the projected 2D light beam to penetrate the material to initialize photopolymer-
ization. Taking these printing parameters into consideration, the process of coupling
a dynamic magnetic field combined with 2D light projections during cross-linking
allows for the creation of bioinspired microstructures with attractive anisotropic
mechanical performance greater than that seen in limpet teeth. The 3D-printed
microstructures can be fabricated at a low cost with unique features that are modifi-
able resulting in differing morphologies for various applications.

2.3 Biomimetic material and structures

Recent studies have revealed that the excellent mechanical performance exhibited
by limpets’ teeth can be attributed primarily to the reinforcement of a soft protein
matrix by the controlled alignment of embedded iron-based minerals, specifically a
mineral known as goethite [16]. Thus, the anisotropic mechanical strength of bio-
mimetic hierarchical microstructures should be controlled by managing the spatial
orientation of the magnetic nanofiller within the polymer resin. With the purpose of
achieving high mechanical performance, a nanocomposite is prepared through the
homogenous distribution of goethite nanoparticles in photocurable polymer resin.
When initially distributed in the photocurable resin, the goethite nanoparticles have a
random spatial orientation and must be coupled with the MF-VPP process in order to
reinforce the normal weak polymer material via controlled nanofiller alignment.

Based on the morphologies seen in limpets’ teeth, mechanical reinforcement
is strongest when the mineral nanofillers are aligned parallel to the direction of
the applied force. For example, this can be clearly observed when comparing the
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compressive strength of random and aligned magnetic nanofillers with just the pure
polymer. As depicted in Figure 2c, the compressive strength of aligned nanofillers
outperforms test specimens with random alignment and pure polymer. The maxi-
mum compressive load of aligned iron oxide particles-based composite is 80 times
greater than that of the pure polymer. Anisotropic mechanical reinforcement of the
microstructures is heavily influenced by the magnetic field intensity, dimension of
magnetic nanofiller, and the magnetic nanofiller concentration in the 3D printable
nanocomposite. However, only compression strength was enhanced due to the micro-
bundle alignments, and the alignment of magnetic particles have no significant effect
on the improvement of the tensile strength and bending strength. This is because
there are no constraints between two adjacent magnetic particles, and the dissipations
may lead to an early failure between each particle and polymer under the bending and
tensile load.

Furthermore, bundles of magnetic nanofillers can be annealed, using a high-
temperature furnace, to form long fibers that better mimic the microstructures seen
in limpets’ teeth. Similarly, these aligned magnetic nanofibers provide anisotropic
mechanical reinforcement to the nanocomposite when a compressive load is applied.
For example, the reinforced printed microstructures show superior mechanical
performance when compared to the pure polymer and randomly oriented magnetic
microbundles. However, high annealing temperatures, above the critical temperature
for the photocurable resin, can cause cracks in the polymer material, which can lead
to a reduction in the overall compressive strength. This can be easily mitigated with
different polymers, such as polymer-derived ceramics, to fabricate high-strength
composites with enhanced thermal performance. Thus, the reinforcement mecha-
nism coupled with customizable alignment of magnetic nanofillers opens intriguing
perspectives for designing high-strength 3D printed material based on bioinspired
features with modifiable configurations.

2.4 Applications of anisotropically enhanced structure

Limpets’ teeth provide a promising design inspiration for the creation of a nano-
composite material with anisotropic functions with enhanced mechanical thermal
and electrical properties. The MF-VPP method has been demonstrated to have a
wide range of capabilities, including the ability to fabricate unique geometries and
distinctive microstructures that are difficult to manufacture using conventional
manufacturing techniques. These advancements have the potential to open new possi-
bilities for creating intricate structures at the microscale, with exceptional mechanical
strength. This technology is expected to have a significant impact in various fields
such as aerospace, biomedical, and electronics in the coming years [4, 20-23]. For
instance, rapid prototyping of highly accurate and low-cost scale models can aid in
the design and optimization of lightweight and fuel-efficient airplane components
[24]. Furthermore, 3D printing of nanocomposites can be used to generate complex
components for jet engines that have enhanced damage tolerance and corrosion
resistance [24].

This method of 3D printing nanocomposites is also advantageous for electrical
components where heat dissipation is crucial for the functionality of key components
that are suspectable to overheating. Effective heat transfer in electrical components
can be achieved by adjusting the orientation of aligned nanofiller materials with
anisotropic thermal properties [23]. Moreover, polymers with enhanced energy
capacity and anisotropic electrical conductivity can be realized through the alignment
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of functional nanofillers for a wide variety of electronics [25]. Additionally, high-
resolution and porous biomaterials, such as scaffolds for bone regeneration, can be
easily designed and fabricated using the MF-VPP method to create implants capable
of withstanding shearing, compressive, and tensile loading [26]. In conclusion, creat-
ing complex structures with high mechanical strength on demand, which are both
low cost and reliable, can be realized for numerous applications using the biomimetic

approach described here.

3. Scaly-foot snail inspired multimaterial for property enhancement
3.1 Functional architecture of scaly-foot snail

Organisms in nature have evolved excellent survival strategies due to their special
living environments. Scaly-foot snail (Figure 3a), a creature that lives in a deep-sea
crater, is the only organism with metal in its skeleton (Figure 3c) [6, 29]. The multi-
layer structure of its shell can effectively deal with the threat of toxic substances and
high temperature in the environment (Figure 3b) [6, 29]. The multi-layer multi-mate-
rial structure also endows shell with extremely high hardness and excellent energy
dispersion capability under impact. This outstanding property has widely attracted
the attention of researchers, but it is extremely difficult to reproduce this structure
in an integrated manner, both in terms of materials and manufacturing. Inspired by
the excellent performance of the heterogeneous material system inside the scaly-foot
snail’s shell, the researcher Tang et al. developed a heterogeneous mixture that can be
both photocured and electroplated. The matrix of the heterogeneous material system
is PEGDA with good biocompatibility, PEDOT:PSS with excellent conductivity is used
as filler to improve the conductivity of the matrix, photoinitiator is used to initiate the
crosslinking of PEGDA, and CuSO4 solution is used as electrolyte to adjust rheological
properties to meet the viscosity requirements of DLP printing.

Figure 3.

Structural images of scaly-foot snail. (a) Image of the scaly-foot snail; (b) multilayered structure shown in cross-
section of scaly-foot snail shell; (c) columnar channels and dispersed iron sulfide inside the shell. (a) Copyright
from vef. [27]; (b, c) copyright from ref. [28].
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3.2 Electrical field-assisted vat photopolymerization

The printing system in the reported work is a typical digital light processing
(DLP) [30], which is mainly composed of digital micromirror device (DMD), linear
stage, solution tank, printing platform, and control system (Figure 4a). The differ-
ence is that in order to introduce electroplating in the conventional layer-by-layer
photocuring printing, two copper sheets are placed in the solution tank and con-
nected to the negative pole of the power supply as an anode, and one corresponding
copper sheet is placed on the bottom of the printing platform for both adhering the
cured layer and as a cathode (Figure 4b). As shown in Figure 4c, when curing the
polymer matrix, the projector projects a 2D light pattern of a specific shape to selec-
tively cure the local area, and the conductive filler PEDOT:PSS and CuSOj, electrolyte
are sealed in the PEGDA polymer chain. The projection of UV light is stopped during
electrodeposition, the power supply is connected to the electric field between the
cathode and anode, and the copper particles migrate to the bottom of the polymer
layer to obtain electrons and then reduce to copper (Figure 4d). So far, this article has

Z stage - Printing platform

Printing - -4

platform, - Printed part
—

Power source

Glass tank

DMD projector

peooa (C

N
TR

PEDOT:PSS

Cus04 E BD Projector

Photoinitiator @ UV Light On UV Light OFf
Electric field Off Electric field On

Figure 4.

Mgnufacturing of bioinspired polymer/metal structures using electrical field-assisted vat photopolymerization
and heterogeneous material systems. (a) Schematic diagram of the electrical field-assisted vat
photopolymerization set-up; (b) illustration diagram of the electric field and projection system of the printing
set-up; (c) demostration diagram of photocuring process in a single printed layer; and (d) schematic diagram of
electrical field assisted metal deposition process. All figures’ copyrights from vef. [29].
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demonstrated the composition of the heterogeneous material system and the working
logic of the printing system, and the electroplating results also show the effectiveness
of the materials and manufacturing methods [29].

3.3 Fabrication of polymer/metal structures

Polymer/metal structures are widely used in flexible circuits [31, 32], sensors
[33, 34], and soft robots [35, 36] because of their light weight, extraordinary corro-
sion, and wear resistance. Most of the existing manufacturing methods are to first
manufacture the polymer base by injection molding or 3D printing and then perform
electroplating [37]. Since most polymers are not conductive, it is necessary to spray a
conductive layer before electroplating [37]. Here, electric field-assisted 3D printing
avoids the tedious and energy-wasting, time-consuming, and labor-intensive steps
of traditional manufacturing [29]. It can print the polymer base and electroplate the
metal surface in one step. The specific steps are as follows. The 3D model is first estab-
lished by SolidWorks, and the output STL format file is imported into the self-built
program for slicing. The system automatically assigns different material indexes to
different layers during slicing. An index of zero corresponds to the photocuring step,
and an index of one corresponds to the electroplating process. The obtained black and
white mask images are then loaded into the printing program. Before printing starts,
the motion system needs to be initialized, and the motion control program is used to
move the printing platform to the zero point. At this time, the ground of the printing
platform is in contact with the Teflon film at the bottom of the resin pool. After the
printing process starts, the printing platform rises to leave a gap to solidify the base
layer. Afterward, the system judges the material index corresponding to the picture.
When the index is zero, the system projects UV light to cure polymer. The cured layer
is then lifted by the platform to generate a new printing layer gap, and all following
layers can be printed in this way. When the index is one, the system automatically
progresses to the electroplating step. At this time, the polymer layer is lifted as an
anode and only the bottom touches the mixture solution. After the electric field is
turned on, the copper ions accept electrons on the surface of the anode and reduce to
copper. As shown in Figure 5, the pitchfork polymer base was first printed, and then
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Figure 5.
Polymer/metal structure. (a) Schematic diagram of the polymer ASU pitchfork with copper surface. (b-e)
Electroplating results and SEM images of the printed ASU pitchfork. All figures ave copyrighted from vef. [29].
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the structure was placed in the same mixture for electroplating to obtain the metal
surface. The copper and polymer layer can be clearly seen in Figure 3c. Due to the
polymer base photocuring material and the material used for electroplating being
the same material, the copper grows toward the polymer layer, which strengthens the
polymer/metal interlayer bonding to avoid delamination.

3.4 Applications of polymer/metal structure

Benefiting from the aforementioned photocurable heterogeneous materials that
can be used as electrolytes at the same time, it is possible to manufacture polymer/
metal structures in an integrated manner, making up for the time-consuming and
redundant multi-step process of traditional manufacturing methods. After testing the
curing properties and plating properties of the material, the authors printed a series
of different structures in Figure 6 [29]. In order to demonstrate the corresponding
multi-layer printing logic, the author printed a triangular base, electroplated a layer
of copper and continued to print a layer of triangular polymer cylinders, and finally
obtained a polymer-metal-polymer sandwich structure (Figure 6a, b). Metals are
used in circuit manufacturing because of their excellent conductive properties, and
the metal/polymer structure not only makes up for the low conductivity of polymers
but also has the advantages of lightweight and flexibility of polymers. Based on this,
circuits printed with pure polymers and electroplated circuits were manufactured
(Figure 6c-e). The experimental results show that the circuits after metal plating
have better electrical conductivity. The LED lamp beads light up when the circuit is
connected, but the polymer circuit cannot be lighted because of its high resistivity. As
aresult, the multi-layered complex polymer-metal-polymer sandwich structure and
the enhanced conductivity after electroplating demonstrate the high degree of manu-
facturing flexibility, structural complexity, and functionality of electric field-assisted
printing heterogeneous materials in integrated packaged circuits [38], flexible sensors
[38], and electromagnetic interference (EMI) shielding [39, 40].

(a

|

B

Figure 6.

Demonstration of the sample made by electric field assisted vat photopolymerization. (a, b) schematic diagram
and the manufacturing results of the polymer-metal-polymer sandwich structure. (c-e) Effect of electrodeposition
on circuit conductivity. All figures are copyrighted from vef. [29].
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4. Delosperma nakurense inspired nanocomposite for shape changing
4.1 Functional architecture of Delosperma nakurense

Delosperma nakurense, a plant that lives in arid environments, chooses to open its
seed chambers after rain or when there is high humidity to release its seeds to increase
seed survival rate. This specific strategy of hygroscopic deformation is reflected in
many plant species, such as pinecones [41], wheat awns [42], seedpods of orchid trees
[43], and spikemoss stems [43]. These hygro-responsive structures choose to open
the structure under wet or dry conditions to release seeds to complete reproduction.
The spontaneous hygroscopic deformation of the seed chamber structure is of great
significance to the design and manufacture of flexible devices, self-responsive sen-
sors, and soft robots [44]. Figure 7 describes the process of the seed chamber absorb-
ing moisture and expanding to release the seeds. The researchers found that the three
main points of this process are: porous structures are the basis of moisture absorption
deformation, arranged cell wall realizes anisotropic deformation ratio, and swellable
cellulose fiber is used to absorb water. It is essential to replicate these three elements
in principle to bionically manufacture this structure. In order to achieve this goal,
the researchers Tang et al. used liquid crystals and nano-fillers as the materials and
used the phase separation of the two liquid crystals during curing to obtain a porous
structure that can absorb moisture.

4.2 Liquid crystal templating assisted vat photopolymerization

Liquid crystal, a substance that is both liquid and crystal and has a specific effect
on light, has a strong polarization property that enables it to align under the action of
electric field. This electro-alignment property is exploited to align nanofillers to impart
anisotropic deformation of the structure. Correspondingly, using an electric field to
align polymers and nanofillers is a proven approach to obtain anisotropic structures.
Unlike extrusion molding, which uses shear force or ultrasonic vibrations to align
polymers and nanofillers, ellipsoidal liquid crystal molecules are deflected under the
action of an electric field force so that the long axis aligns with the direction of the
electric field. At the same time, the deflected liquid crystal molecules drive the nano-
fillers to align in the direction of the electric field. This indirect arrangement makes up
for the deficiency that the electric field can only arrange conductive substances (such
as CNT [46], graphene [47]), and makes it possible to use the electric field to arrange
non-conductive substances, such as the SiC nanofiller used in this study.

Based on the characteristics of liquid crystal materials, the authors Tang et al.
propose an electric field-assisted printing strategy, which places electrode pairs facing
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Figure7.
Seed capsule releases the seeds after absorbing moisture. (a, c) copyright from ref. [9]; (b) copyright from vef. [45].
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in different directions in the resin tank on the basis of traditional digital light process-
ing. The printing system is mainly composed of a projector that projects a specific

2D light pattern, a stage that carries a cured layer and moves linearly, and DC power
supply that is used to generate a high-voltage electric field. The electrode pairina
certain direction is first connected during printing, and after the LC and nanofillers
are arranged for a period of time under the action of the electric field, the projector
projects a beam of light to cure the selected area. By connecting electrode pairs in
different directions and printing repeatedly layer by layer, LC and nanofillers

with different alignment directions can be obtained by curing in a single layer or
inside different layers.

4.3 Dynamic electro-alignment characterization

Controlling the strength and timing of the electric field is critical for aligning
liquid crystals and SiC nanofillers. Even though both liquid crystal and SiC are poor
conductors, applying a high-intensity electric field for a long time generates a lot of
heat, which causes the liquid crystal to undergo a nematic to isotropic phase transition
[48]. Once the phase transition occurs, the liquid crystal becomes disordered [49],
and the SiC that was previously aligned indirectly is simultaneously driven out of the
ordered alignment state by the moving liquid crystal. When the electric field strength
is weak, the polarization force applied to the liquid crystal molecules is not enough to
drive the liquid crystal to move or it takes a long time to complete the arrangement.
Therefore, choosing an appropriate electric field strength and application time is
an indispensable condition for obtaining a homogeneous unidirectional alignment.

In addition, the researchers also found that the alignment results using an alternat-
ing current (AC) electric field are significantly different from those using a direct
current (DC) field. Even if the AC electric field is applied for a long time, there is no
significant movement once the alignment is completed. In the case of the same voltage
value, although the DC electric field increases the rate of arrangement, if the electric
field is still applied after the arrangement reaches the highest degree of anisotropy,
the order of the arrangement changes significantly, and the mixture undergoes
approximately macroscopic disordered turbulence. This is detrimental to the desired
result and should be avoided.

Specifically, when an AC voltage of 1kV is applied, the long axis of the liquid crystal
is slowly deflected to the direction of the electric field while driving the dispersed SiC
nanofillers to gather and arrange in a line. The Fourier transform results in Figure 8
show that the mixture is not directional when the electric field is not applied (0 s).
After 195 s of alignment, the prominent peak curve in the probability distribution
curve indicates that the mixture is anisotropic. Continuing to apply electric field, the
degree of alignment does not change. In order to demonstrate the sustainability of the
arrangement, within 2 mins after the electric field was turned off, the directionality of
the arrangement did not decrease significantly, see the relative positions of the red and
green curves in the Figure 9. When aligning mixture with 1 kV DC compared to AC, the
results were significantly different in terms of time and sustainability of the alignment.
The DC electric field makes the alignment more rapid, and an application time of 12 s
is sufficient to obtain the most anisotropic alignment, compared to the 195 s required
for the AC electric field (Figure 10). However, this directionality is destroyed with
the prolongation of time. When the arrangement is 120 s, the mixture again becomes
chaotic and enters a turbulent state. The potential reason for this phenomenon is that
the direction of the DC electric field is always constant, and the liquid crystal molecules
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Figure 8.
Probabilistic analysis of the directionality of the alignment under alternating electric field.

0035 || * AC_1Kkv_0s ey i
[ [— AC_1KKV_0s-fit "
A AC_1KV_3s

0.030 [-|=— AC_1KV_3s-fit

x AC_1KV_195s

= AC_1KV_195s-fit
0025 = AC_ti

20s

Os-fit

lea
0.020 [-|=— AC_1KV_release

. AC_1K

Probability

0.015 [ /. de 3

oot o ]

0.005 [Fs BT spol]

Direction (°)

Figure 9.

Liquid crystal templating assisted vat photopolymerization. (a) Schematic illustration of the liquid crystal
templating assisted vat photopolymerization; (b) schematic diagram of electric field alignment of liquid crystal
monomer and SiC nanofiller. All figures are copyrighted from ref. [45].

are subjected to the electric field force of a single direction and then always migrate in
the same direction. In the AC electric field, the liquid crystal molecules are subjected
to alternating electric field forces, and there is no dominant force to move them in a
specific direction, so the liquid crystals are only deflected i situ. The alignment state
of the LC/SiC nanofiller does not change over time as long as the heat caused by the
electrification does not cause the liquid crystal to undergo a nematic to isotropic phase
transition. In summary, the AC electric field can make the arrangement more uniform
and avoid entering a chaotic state, while the SiC nanofiller under the arrangement of
the DC electric field has a more significant bundle, and the degree of anisotropy of the
arrangement is higher but need to avoid applying an electric field for a long time to
maintain the directionality of the arrangement.
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Figure 10.
Probabilistic analysis of the directionality of the alignment under direct current electric field.

4.4 Photopolymerization induced phase separation

As mentioned in Section 4.1, the core of realizing hygroscopic deformation is an
anisotropic porous structure, and liquid crystal as a functional material is well suited
for this purpose. The phase separation of the two liquid crystals during solidification
provides the possibility to fabricate a porous structure, and the arrangement of the
applied electric field allows the pores to be aligned along a specific direction, and
finally, an anisotropic and gradient porous structure can be obtained [45]. As shown
in Figure 11a, under the action of an electric field in the RM257/5CB/SiC homoge-
neous mixture, the long axes of the liquid crystals RM257 and 5CB are deflected to
be in line with the direction of the electric field, and this microscopic movement
then indirectly drives the SiC nanofillers to converge and align in a straight line.
Subsequent irradiation of UV light triggers the crosslinking of RM257, and 5CB,
which does not participate in the reaction as a solvent, separates from the crosslinked
RM257 and gathers together, and the area occupied by it is cleaned by acetone, leav-
ing a large number of pores. The timing of phase separation is different due to the
difference in light intensity at the bottom and top of the cured layer. The bottom is
rapidly cross-linked under strong light irradiation, and it is difficult for 5CB to gather
locally on a large scale, so the pore size at the bottom is smaller. On the contrary,
due to the lower cross-linking rate at the top, the liquid crystals phase-separated to a
higher degree, eventually leaving larger-sized pores. Figure 11b-(i, ii) show a porous
structure with a gradient distribution, and iii and iv show elongated pores with long
and short axes and a SiC nanofiller whose arrangement direction is consistent with
the long axis of the pores. Therefore, the anisotropic porous structure mechanically
enhanced by SiC can be obtained using liquid crystal phase separation and electric
field indirect alignment of SiC nanofiller, which opens the possibility of program-
mable deformations and hygroscopic actuation described in the following section.
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Figure 11.

Fabrication process of anisotropic porous structure. (a) Schematic illustration of aligning composite, phase
separation during the photopolymerization, and the anisotropic porous structure after extracting unreacted
5CB; (b) SEM images of the gradient anisotropic porous structure with aligned SiC nanofiller. All figures are
copyrighted from ref. [45].

4.5 Applications of gradient anisotropic porous structure

As previously conceived, when the LC/SiC mixture is aligned, the cured structure
undergoes deformation in a specific direction after cleaning the unreacted 5CB and
drying it. Since the major axis of the pores is aligned with the alignment direction,
the dry structure curls up along the major axis. As shown in Figure 12a, the curling
direction corresponding to the blue area is perpendicular to the red area. The annular
structure in Figure 12b is divided into four regions and has a bowl shape when dry.
The smaller rectangular region in Figure 12c corresponds to the hinge during defor-
mation, along which the larger rectangle deflects. When two adjacent areas in the
same layer are at +45° and —45°, respectively, the deformation directions of the two
areas are perpendicular to each other after drying, and the deformations are mutually
restrained and folded inward (Figure 12d). In order to demonstrate the deforma-
tion constraints between different layers due to the different alignment directions, a
double-layer ring structure as shown in Figure 12e was printed, and the deformation
directions perpendicular to each other in the two layers lead to a saddle-shaped defor-
mation. However, the structure in Figure 12f is diagonally curled between the respec-
tive layers, and the opposite curling directions of the two layers are perpendicular to

Figure 12.
Spatially programmable alignment and deformation with the prediction of simulation. All figures ave copyrighted

from ref- [45].
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Figure 13.
Dynamic grasping process of hygroscopic gripper. All figures are copyrighted from ref. [45].

each other. So far, by setting different alignment directions in different regions in the
same layer or between different layers, a series of programmable deformations can
be obtained. Furthermore, the final deformation result can be predicted in advance
through simulation, and the experimental results also confirm that the simulation is
highly consistent with the real deformation.

Soft grippers have attracted widespread attention because of their flexibility and
unique driving methods. The common ones are pneumatic drive [50, 51], electro-
magnetic drive [52-54], and cable chain drive [55, 56]. However, the structures
corresponding to these driving methods are very complex and require the input of
external energy. Therefore, designing and manufacturing a self-actuating flexible
gripper is the focus of current research. The spontaneous deformation property
of the porous structure upon moisture absorption and drying is a favorable way to
fabricate self-propelled flexible grippers. The author designed a four-beam grip-
per, and the liquid crystal alignment direction is perpendicular to the direction of
the beams. As shown in Figure 13, the beam is fully bent, and the entire gripper
is closed in the dry state. After placing it in the acetone, the gripper opens after
the pores absorb moisture and expand, and then moves the gripper over the yel-
low target. As acetone volatilizes in the air, the pore previously filled with acetone
collapses, and the gripper bends and closes to grab the target. Finally, the target
is moved into the acetone, and the beam continues to expand hygroscopically to
release the target. The entire grasping process is about 206 s, and the deformation
of the gripper is reversible, as a hygro-responsive structure stretches in acetone
and contracts in the air. In summary, the programmable control of the hygroscopic
deformation of the anisotropic porous structure opens up new opportunities for the
fabrication of flexible grippers [57], ultrafiltration membranes [58, 59], and flex-
ible sensors [60]. The future research direction is mainly to control the shape and
distribution of pores on the micron scale, improve the actuation response rate, and
enhance the mechanical properties of composites.

5. Salvinia molesta inspired nanocomposite for controllable wettability
5.1 Functional architecture of S. molesta

Since Dettre and Johnson discovered in 1964 that the superhydrophobicity of the
lotus leaf is related to the nano/microscale dual-scale structure of its surface [61],
a large number of biomimetic structures have been designed and manufactured by
researchers, such as the eggbeater-like structure of S. molesta that exhibits long-term
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Figure 14.
Superhydrophobic structures of Salvinia molesta in nature. All figures are copyrighted from ref. [62].

air retention capability, which enables water droplets to remain on the structure’s sur-
face (Figure 14a, b). The core of the superhydrophobicity exhibited by this structure
is that the hair on the head of the eggbeater is coated with nano-scale wax crystals
and the hair ends have hydrophilic patches (Figure 14c). This nano/microscale
dual-scale roughness effectively reduces the surface energy of the structure. In order
to bionically manufacture this structure, researchers mostly use polymer resin to
print structures below the millimeter level and the smallest size is only a few microns
[63]. Although this method can reproduce the natural structure excellently and has
good superhydrophobic performance, the dual-scale roughness characteristics of the
surface of the natural structure cannot be reflected. Therefore, Yang et al. tried to add
multiwalled carbon nanotubes (MWCNTS) to the resin to increase the roughness at
the nanometer level. The results showed that MWCNTs improved the superhydro-
phobicity of the polymer structure.

5.2 Immersed surface accumulation vat photopolymerization

Different from conventional top-down or bottom-up layer-by-layer printing,
immersed surface accumulation innovatively uses optical fiber to guide the light
beam, combined with computer numerical control (CNC) multi-axis printing
platform to obtain greater degree of printing freedom (Figure 15a). The mask image
obtained by slicing the three-dimensional model is projected onto the focusing objec-
tive lens by the digital micromirror device (DMD), and the shrunken optical pattern
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Figure 15.
Immersed surface accumulation 3D printing. (a) Schematic diagram of the vat photopolymerization set-up; (b)
schematic diagram of the optical system of the immersed surface accumulation strategy. All figures are copyrighted

from vef. [1].
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Figure 16.
Scanning electron microscope (SEM) images of the eggbeater-like structure. (a) Structures made from polymer;
(b) structures made from polymer/MWCNTs mixture. All figures ave copyrighted from ref. [1].

is guided into the photocurable resin solution through the optical fiber. The polymer
undergoes photoinitiated polymerization under light, and the mixture is selectively
cured. The MWCNTs are sealed in the polymer network, some MWCNTSs protrude
from the surface of the structure to form nanoscale roughness. The polydimethylsi-
loxane covering the end of the optical fiber makes the cured polymer easily separated
from the optical fiber. At the same time, the printing result can be observed through
the beam splitter, so as to detect the printing quality in real time. At the level of print-
ing freedom, immersed surface accumulation can not only realize the layer-by-layer
printing of conventional vat photopolymerization on the plane but also can print on
complex curved surfaces or sides. The scanning electron microscope image in Figure
16 shows the effectiveness of the printing system. The shape of the structure is similar
to the natural structure. The structure below the micron level has a minimum size

of only tens of microns. The subsequent contact angle test also fully confirmed the
superhydrophobicity of the structure.

5.3 Fabrication of eggbeater-like microstructure

By using pure polymer and polymer/MWCNTs to print the eggbeater structure,
the effect of MWCNTs on the surface roughness can be compared. Figure 16a is the
top view and side view of the structure made of pure polymer. It is obvious that the
entire Salvinia molesta-like structure has been completely reproduced, the surface is
very smooth, and there is no overcuring between layers. This demonstrates that it is
feasible to replicate micron-scale biomimetic structures using photocurable polymers
and digital light processing. When MWCNTSs were mixed into the polymer, the
surface of the structure was distributed with microscale microgroove (Figure 16b),
and the roughness increased. More importantly, part of the MWCNTs protrudes from
the surface of the structure (Figure 16b), which constitutes the nanoscale rough-
ness. Experiments prove that the nanoscale roughness caused by the microgrooves on
the surface of the structure and the protruding MWCNTs significantly reduces the
surface energy of the structure, and the two synergistically enhance the superhydro-
phobicity of the structure.
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5.4 Applications of superhydrophobic structure

In recent years, with the increasingly frequent exploitation and transportation
of marine resources, emergencies such as offshore oil spills have occurred more and
more frequently, which not only caused huge economic losses but also caused serious
damage to the marine ecological environment. Traditionally, spilled crude oil has
been dealt with by physical, chemical, and biological methods. For example, a porous
lipophilic material absorbs oil through capillary action and stores it in the pores of the
material, and finally recovers the crude oil adsorbed by the porous material through
extrusion or centrifugation. In addition, the oil-water separation ability of the struc-
ture can be greatly improved by changing the lipophilic and hydrophobic properties
of the structure. Therefore, through the design and surface treatment of the surface
micro-nano structure, the oil absorption and hydrophobicity of the oil-absorbing
material can be effectively improved. At the same time, due to the capillary force
caused by the surface micro-nano structure, its adsorption capacity to the oil layer
is greatly enhanced. As shown in Figure 17, under the action of surface tension and
gravity of the droplet, the droplet of the oil-water mixture remains spherical on the
surface of the eggbeater-like structure. Since the structure is superhydrophobic and
has a strong capillary effect on oil droplets, the oil droplets penetrate into the gaps of
the columns while the water droplets remain spherical. After 6 s, the oil droplets were
completely absorbed by the biomimetic structure, achieving oil-water separation.
When the eggbeater-like structure holds the oil-water droplets in different relative
positions, even if the droplets are suspended below the surface of the structure, the
result of oil-water separation does not change. At tiny scales, oil-liquid separation
will not be affected by gravity but is mainly determined by the surface tension of the
droplets and the surface energy of the structure. Therefore, regardless of the relative
position of the droplet and the eggbeater-like superhydrophobic structure, the result
and rate of the oil-water separation did not change significantly. In summary, the
bionic superhydrophobic structure will have a wide range of applications in surface
self-cleaning, oil-water separation, and anti-icing.

tilt

Figure 17.
Oil/water separation of the printed eggbeater-like structure. Oil/water separation performance under the tilt
condition of (a) 0°, (b) 180°, (c) 45°, and (d) 90°. All figures are copyrighted from ref. [1].
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6. Conclusion

The implications for biomimetic fabrication of highly functional structures found
in nature are both significant and challenging. This paper summarizes the difficul-
ties and shortcomings of existing research in terms of materials, structures, and
manufacturing methods required for bionic manufacturing, and proposes a series of
preparation methods for bionic materials and highly flexible additive manufacturing
methods. Firstly, since a single material is not enough to make the structure highly
functional, the bioinspired polymer/nanofiller composite can effectively endow
the structure with better mechanical performance, optical characteristics, thermal
conductivity, hygroscopic deformation, and superhydrophobicity. Secondly, in view
of the fact that there are still some slight differences between the bionic structure
and the natural structure, and these differences are decisive for the performance, it is
necessary to replicate the natural structure both macroscopically and microscopically,
which will play an important role in improving performance. Thirdly, at the level of
manufacturing methods, vat photopolymerization provides an effective means for
manufacturing multi-scale complex structures, and the introduction of magnetic and
electric fields has created the possibility to increase the complexity of the structure,
and the nanofillers spatially arranged in a specific direction have brought the struc-
ture mechanical, thermal, optical, and deformational manifestations of anisotropy.
Although the current research on biomimetic manufacturing is quite effective and the
performance of the structure is excellent, there are still many potential research fields
worth studying in the future: 1) The study and imitation of the structure, material,
function, and interaction of natural organisms must be the result of comprehensive
application and cross-learning of biological principles, material chemistry, advanced
manufacturing technology, and numerical simulation; 2) Bionic structures need not
be limited to natural structures despite their superior performance, the next-gener-
ation functional structures can be predicted through big data analysis and numeri-
cal simulation; 3) Continue to develop advanced manufacturing methods to cope
with multi-scale, multi-material, and multi-physical-field printing needs; 4) The
intelligent bionic structure should not only originate from nature but also return to
nature, which realizes the purpose of green manufacturing and sustainable develop-
ment. Overall, deconstructing at the material and structural level and using additive
manufacturing to reproduce natural structures is effective in promoting bionic design
and manufacturing, and opens new doors for the manufacture of next-generation
high-performance mechanical, thermal, optical, and hydraulic structures.
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Chapter 6

Advances in Large-Scale Robotic
3D Printing with Plastic Pellets

Adolfo Nadal Serrano and José Maria Espejo Bares

Abstract

3D printing with robotics is reaching an unprecedented level of maturity both in
the market and at a technological level. This paper discusses current applications of
large-scale robotics applied to 3D printed real-scale final parts for the construction and
product design industries, including state-of-the-art methodologies, technologies and
applications. Furthermore, an in-depth view of technologies and applications devel-
oped by the author will be provided, including robot-end effector integration and the
automated generation of machine code through an ad-hoc computer aided design to
computer aided manufacturing (CAD-CAM) integration. This integration accounts
for parametric capabilities and design-time feedback. Consequently, advances in the
seamlessly integrated design-to-manufacturing workflow will be presented: (i) design
(by means of employing parametric modeling software), (ii) geometry analysis (by
means of ad-hoc machine manufacturing process simulations), (iii) CAD-CAM inte-
gration (by means of automated geometry processing and machine code generation),
and (iv) manufacturing and testing (by combining 6-axis robots and large-scale
plastic extruders).

Keywords: advanced additive manufacturing, large-scale, 3D printing, robotics,
recycled plastic extrusion, pellets, automation

1. Introduction

Additive manufacturing has exponentially increased its adoption and widened its
use in the industry in the last 10 years after a short but significant decay in its
implementation relative to former adoption expectations [1]. Its use focused on small-
scale parts and rapid prototyping mainly, while allowing a decent amount of market
space aside in terms of final parts for the automotive, aerospace, product design or
construction industry, to name just some. One of the main issues behind this shortfall
was high, unstable production costs, deriving simultaneously from both raw printing
material and manufacturing costs—including operating and entry—level ones, such as
high machinery prices. Besides, most industries have traditionally operated on metal
materials—mostly aluminum or steel—and Computerized Numerical Control (CNC)
based techniques, such as milling, drilling or similar.

Furthermore, the main drivers at a technological level for the adoption of additive
manufacturing techniques, in general, and 3D printing, in particular, showed a
bottom-up pattern [2]. These were generally pushed by technically-oriented
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workforce but barely precepted by top-management implementations, often unable to
carry out the necessary innovations due to a series of impediments, namely: (i) market
constraints, (ii) misleading and conflicting market interests or (iii) lack of capacity to
prove the feasibility of the investment in 3D printing technologies [3]. Finally, 3D
printing technology has proven unable to scale appropriately in terms of size,
production costs and time, despite the efforts made to bridge this gap [4].

On the material side, despite the fact that many metals have gained presence and
microstructural stability in the 3D printing market, especially in small-scale applica-
tions related to jewelry, biomedicine or high-end parts [5] are still barely affordable
for most end-use products. Besides, the precision and manufacturing tolerances of 3D
printing techniques with titanium, for example, are far from those reachable by
milling or CNC machining techniques. Therefore, mixed manufacturing technologies
[6] have augmented their importance, thus allowing firms to gradually adhere to those
in order to optimize their production processes while refining their product quality
and expanding to otherwise unapproachable market opportunities [7].

As a consequence, there is plenty of room to implement other materials and large-
size printing technologies with wide potential use in sectors such as the automotive
industry or the construction and engineering fields, where large parts are needed to
replace their more factory-like, traditionally-made counterparts at an affordable price
while maintaining a well-balanced material performance and consumption [8, 9].
Moreover, automation processes are nowadays commoditized, pushed by the power
of Supervisory Control and Data Acquisition and Artificial Intelligence (SCADA-AI)
integrative applications [10] that allow to obtain large sets of end-effector data and
produce behavioral patterns for a variety of practices and routines. For instance, data
pattern analysis enables firms to control the overall performance of their production
lines and tools in integrated user interfaces, favoring the use of “intelligent devices”
able to provide data in real time. Robots, as fully customizable and programmable
machines, gain further momentum over simpler CNC-driven architectures.

This research combines the two aforementioned opportunities into a single solu-
tion while providing affordable hardware and software solutions in an attempt to
democratize technology and widen its use and implementation in predominantly the
engineering and construction sectors. Thus, a solution for plastic pellet extrusion is
presented, combined with a 6-axis robotic arm through seamless software and
hardware integration.

2. Current research and technological development

While most large-scale 3D printing technologies rely typically on 3-axis gantry-like
machines, these have proven to have relevant limitations in terms of usability and
scope: (i) these require large structures and initial investments, (ii) the crane-like
structures must be used off-site and present constraints when located on-site, (iii)
they are restricted to a horizontally layered logical structure, which (iv) restricts the
geometrical capabilities of the systems, such as its use in cantilevers or inclined
geometries in general. As a result, the use of robots and thereby adapted 3D printing
technologies is growing steadily, activating research projects and technological
advancements worldwide. Much research has been conducted by ETH Zurich, a
pioneer in the development of advanced industrialized methods through an architec-
tural lens leading the research in the field. Numerous initiatives have been carried out
by this institution in the last 10 years since the creation of the Gramazio and Kohler
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research group [11]. ETH’s block research group presented in 2021 the first-ever pure
unreinforced concrete offsite 3D printed bridge alongside Zaha Hadid Architects’
computation and design group and other industrial partners, showing a unique dry-
assembled construction stabilized solely by its geometry through shape-based topo-
logical optimization [12], thus minimizing material usage [13] through a compression-
only, computationally pre-optimized design. This bridge was displayed at the Venice
Biennale of Architecture in 2021, allowing visitors to see the lightweight, single-
layered shelled assembled panels generated by a fusion of FDM 3D printing with
casting methods [14].

Further mentioned worthy efforts have been realized by market players and pri-
vate companies alike. Aectual, a Netherlands-based company producing furniture and
architectural products, focuses on the use of terrazzo, bioplastics and plastic pellets.
The firm implements an ad-hoc setup employing 6-axis robotic arms and a regular-
size pellet extruder controlled by Siemens PLCs, thus externalizing a meaningful part
of their printing technology [15]. Furthermore, Aectual uses a 9-meter-long track to
extend its maximum buildable volume capacity to 170cubic meters in order to create
interior design elements.

Also located in the Netherlands, MX3D claims to introduce the advantages of 3D metal
printing to new high-impact industries. MX3D uses a robot-mounted wire arc additive
manufacturing (WAAM) system [16]. WAAM allows the use of conventional welding
filler materials, which may reduce material costs drastically when compared with SLS
manufacturing in a ratio of 10:1 [17], despite the high energy requirements of the system.
The MX3D bridge, built with that technology at an early stage of development, took
6 months to print and required extensive testing in order to test the material’s mechanical
properties and calibrate the calculus of the structural section. Printed steel’s properties and
characteristics proved to differ significantly from regular steel in the elastic modulus,
which affected the overall stability and stiffness of the bridge [18].

3. 3D printing design-to-manufacture. A comprehensive software and
hardware solution for plastic pellet extrusion

Optimizing the manufacturing capacity is one of the most substantial aims of every
production industry. These intend to achieve mass customization without sacrificing
efficiency or the benefits of economy of scale in terms of return on investment. As a result,
the ability to respond to customer requirements in a quick and flexible manner while
keeping high version numbers at low batch sizes must increase [19]. The implementation
of a customizable, programmable and fully integrated large-scale production system is of
use precisely to tackle this issue at (i) software, (ii) hardware and (iii) material levels. This
concept is a great advancement in the design industry, due to the time-saving factor and
the subsequent cost-effectiveness component. This design method also challenges sus-
tainability goals. It enhances the material reduction in the manufacturing process and
subsequent effect of generating less waste at the end of the product lifetime.

Therefore, a comprehensive 3D printing design-to-manufacture technology is
proposed, which entails: (i) A parametric or-feature based modelling tool that grants
the designer the possibility of modifying an established geometry in a matter of
instances by easily generating algorithms grounded on the Rhino-based visual pro-
gramming interface Grasshopper or others, which allow for single- or multi-solutions-
based algorithmic design [20] and receive intense optimization attention [21]; (ii) a
quick-response, integrated slicing simulation algorithm capable of dealing with
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complex and intricate geometries of various topologies including boundary represen-
tations (BReps) and meshes [22]; (iii) a CAD-CAM translator for a variety of robot
models; (iv) a visualization interface whereby production can be simulated and robot
signals set and programmed; and (v) a fully-functional end-effector comprising an
extruder and low-cost, reliable control electronics for (vi) pellets obtained from ther-
moplastics including Polylactic Acid (PLA), polyethylene terephthalate (PET) and
polyethylene terephthalate glycol PETG.

3.1 Parametric modeling and geometrical analysis

Parametric modeling is a rather restrictedly employed term that defines the ability
to design parts and products based on implicit geometrical relationships rather than
via explicit dimensioning. This associative way of modeling and depicting solids and
other topologies—such as BReps, meshes, and others—relies on the ability of 3D CAD
platforms to define geometry through either (i) a history-based hierarchical object-
dependency tree, (ii) customizable parameters and equations, (iii) programmable
functions or (iv) a combination of the above. Each 3D modeling software offers a
variety of interfaces, including but not limited to (i) equation editors, (ii) visual
programming interfaces, (iii) application programming interface (API) accessibility
through programming interfaces or a (iv) combination of any of those. McNeel
Rhinoceros is used for testing and programming purposes, as well as a platform to
program and extend its built-in modeling capabilities. Rhinoceros is a relatively
lightweight NURBS-based software able to produce and handle all sorts of geometry,
which constitutes an ideal system for advanced users that like to generate their own
custom scripts, create generative systems [23], or create logic models.

For the purpose of this research, a set of different geometries comprising numer-
ous variable conditions are tested, such as those displayed in Figures 1 and 2. These

Figure 1.
3D printing of a Striatus bridge block. Studio Naaro.
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Figure 2.
Software and hardware layers. Integration of electronics.

display entirely parameterized sets of sizes, curvature settings, cantilevers and over-
hangs, among others, allowing the designer to modify and adapt the design according
to manufacturing results and analyse optimal printing setup and material results in the
printed part. Besides, three main 3D printing set-up-related parameters are
implemented in the design of the parts: (i) nozzle diameter, (ii) shell overlap (which
define the overall wall thickness for the part), and total part length, which relates
simultaneously to printing speed and temperature cool down—the latter crucial to the
successful layering and cohesion of the parts. Parts were designed hollow and single or
two-cycled (this is, employing just one or two outlines per layer). Figures 3 and 4
show the analysed printed configuration and the variable parameters used throughout
the design process that defines the non-uniform rational Bezier spline (NURBS)
model. Please note that the single-cycle chair design considers variable separations
between contours in order to test the actual part’s thickness as compared to the
nominal size and adjust material flow.

Table 1 shows the relationship between material flow, layer height setup, resulting
part thickness (for a single wall pass) and qualitative results at a printing speed of

Figure 3.
Test parts (I). Single-cycled chair-like design showing dimensioning.
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Figure 4.

Test parts (II). Hopper showing dimensioning constraints.

40 mm/s. These affected the design tolerances to a great extent, showing that speed

could be adjusted to ranges of 60mm/s to 200mm/s if desired. Optimal material flow

was found at 375.5 to 392 mm3/s at speed rates of 40 mm/s to 60mm/s, although
further research must be conducted to reduce data dispersion. As seen in Table 1,
layer heights could also be modified accordingly.

Material flow adjustments

Flow (mm3/s) Layer height (mm)

Part thickness (mm) real/nominal

Results

300 0.8 8.6-9.8/1.25-1.8 Increase layer height
Increase flow
Appropriate adhesion
325 0.8 9.5-11.2/1.25-1.8 Increase layer height
350 1 8.1-9.6/1.25-1.8 Appropriate flow
Appropriate adhesion
375 1 8.8-10.1/1.25-1.8 Increase layer height
Appropriate flow
Appropriate adhesion
400 1 9.4-11.4/1.25-1.8 Regular adhesion
Increase speed
450 1 10.56-12.2/1.25-1.8 Regular adhesion
Increase speed
400 1.25 7.3-8.6/1.25-1.8 Regular adhesion
Excessive flow
Undesired overhangs
450 125 8.4-9.7/1.25-1.8 Regular adhesion
Excessive flow
Undesired overhangs
Table 1.

Material flow adjustments and results.

148



Advances in Large-Scale Robotic 3D Printing with Plastic Pellets
DOI: http://dx.doi.org/10.5772 /intechopen.109438

4. Pre-processing for manufacturing. CAD-CAM integration

Geometrical processing entails a three-step software-based workflow: (i) robot

model and overall setup, (ii) model slicing and (iii) target generation. The software,
an extension of Rhinoceros’ Grasshopper visual interface, as indicated above, is capa-
ble of processing both mesh-like and surface-like topologies, including solids. From a
mesh point of view, a wide range of extensions are allowed, including but not limited
to *.stl, *.igs, *.obj, *.ply, *.msh and similar mesh-compliant file formats. This func-
tionality is provided by the platform itself. Surface-like and solids can also be
processed as BReps, which support ASCII encoding; some formats allowed are *.3 dm
(native Rhinoceros format), *.brep, *rle, *.step and *.sat, widely used in engineering
and product design. Solids or surface-like geometries may be translated into meshes to
the user’s intent, who will decide fabrication tolerances or further geometrical affec-
tions (Figure 5).

1 l Q@) 3
3 Overall Setup | rj Slicing H Contours i—rl Points H Planes } > Targets i——r List
; ¥ 3 sorting
Print
Param

The workflow comprises the following stages:

1.Robot model and overall setup. Employing the built-in functionality of the

robot’s extension on Grasshopper, a robot model is provided. Figure 6 depicts
the selected ABB IRB 1200 for the development and experiment’s case studies.
The setup includes also: (i) the design and input of an end-effector, including its
gripper or adaptor to the robotic arm and the (ii) configuration of printing
parameters, namely target’s speed and precision zones. For the purpose of the
present experiment, a range of 40 mm/s to 200 mm/s was used as maximum
linear printing speeds and a redefined z0 as a precision zone for the pass-by
toolpath points. Further robot parameters are also set up, such as elbow
configuration and digital output (DO) naming.

2.Model slicing. The imported or natively generated model is sliced by equally

distanced planes according to the manufacturing requirements. A range of 1 to
2 mm is used. The slicing operation results in polylines, which are then divided

Robot
model

Target

Additional Program
Program £ Generation
Points iy
E Fmgram
Simulation

i

e Program
Export

Figure 5.
Programming workflow diagram.
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Figure 6.
Test part (II). Hopper in a simplified simulation. Printing bed width 700 mm.

either by length or by curvature to obtain the points that will become the targets’
origin by assigning them an orientation plane.

3.Target generation. A horizontal plane in each point is generated, providing the
actual orientation for the tool (in this case, vertical). The movement
interpolation type for the targets is set to linear. Additional home or safe
positions are programmed for the purpose of safety and further program control.
Finally, the electronic control output is fed into the desired targets, allowing to
turn the extruder either on or off when needed. In this case, continuous printing
is tested, thus demanding a single turn-on and turn-off cycle after completion of
the part’s printing.

4.Program generation. Targets are combined through simple list-management
python-written routines. These targets are stored in a linear array and then fed as
a single data stream into the program generator routine.

5.Program simulation. The program is simulated showing errors or warnings in
execution time. Warnings may include robot configuration issues, while errors
prevent the program from running, and might refer to (i) out-of-boundaries
errors, (ii) “close to singularity” instructions and (iii) collisions or similar faults
related to the mechanical unit.

6.Program export. The program is exported and saved to a user-defined folder. In
the case of the current example, a RAPID program (*.pgf) is generated,
comprising XML-written data that refers: (i) a MAIN module (*.mod file)
including variables and overall setup and (ii) additional modules containing
movement instructions and other commands (additional *.mod files). Due to the
used IRCS limited RAM size, modules are split into 32,000-long instruction
modules. These contain as well dynamic memory loading and unloading. Further
considerations must be implemented in order to control the extruder’s behavior
while the movement modules are loaded or unloaded from memory, in order to
prevent material overflow at stop points.

7.The program is loaded onto the controller and runs normally.
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Figure 7.
Test part (II). Hopper in actual printing process. Printing bed width 700 mm.

Figure 6 above demonstrate the software’s flexibility and accuracy in depicting the
system’s behavior via an ad-hoc geometry processing algorithm. Figure 7 depicts the
corresponding printing stages on the 700 mm-wide printing bed proving the
workflow’s feasibility.

5. Manufacturing and testing

As introduced above, the manufacturing test setup conveys a series of compo-
nents, entailing mechanical, logical and ad-hoc control units. The main components
are shown in Table 2, including robot, end-effector, feeding system and printing bed.

The main component for the present setup is the robotic arm ABB IRB 1200 with
the IRC 5 compact controller. Secondly, an adapted pellet extruder is used. Heating is
delivered by three heating coils that work at 220 volts and are controlled by 3 PT100

Main components

Robot

Mechanical arm ABB IRB 1200 H 7-70
Controller ABB IRC 5 Compact
End effector Adapted pellet extruder
Size 150 mm x 100 mm x 495 mm
Weight 5.25kg

Extruder motor type Stepper (Nema)
Extruder motor torque 3 Nm

Material flow rate <500 mm3/s
Transmission type Planetary gear 1:10 ratio
Heating Direct coil heating
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Main components

Robot
Coil number/specs 3220V coils w/ PT 100thermistors
Electronics Ad-hoc designed control, Arduino MEGA boards, SSRs
Adaptor Ad-hoc designed, waterjet cut adaptor
Cooling Liquid cooling
Feeding system Venturi valve with pressurized inlet
Air pressure 7 bars
Printing bed Glass, 700 mm x 700 mm x 4 mm on aluminjum profiles
Type Non-heated
Table 2.

Main components of manufacturing unit.

type thermistors. An Arduino code developed ad-hoc for the purpose runs on an
Arduino Mega 2560 board with an added ramps 1.4 to control the three solid state
relays (SSR) that regulate the three 220 V heating coils. Thirdly, with the objective of
controlling the extruded material flow a Nema 23 stepper is used, which supplies a
maximum torque of 3 Nm. Fourthly, an air-refrigerating system is mounted on the
nozzle to cool down the printed material, comprising a 4 mm aluminum pipe curved
around the tip of the nozzle. The extruder body is cooled by liquid refrigerant pumped
from a tank placed aside the robotic arm. The printing bed consists of a 4 mm thick
glass surface covered with a single layer of Scotch 3D printing tape, which enhances
the adhesion of the part to the bed (Table 3).

Whereas the robot program includes the necessary DO-related commands, the
wiring was set up to minimize the need for electronic components and coding. An
Arduino MEGA board is used to control the overall behavior of the end-effector (this
is, to turn the stepper motor on or off according to needs) while keeping track of the
temperature regulation in each coil, as mentioned previously.

ABS was not tested due to its thermal instability while printing and in order to
prevent warping. Additionally, ABS is not a suitable printing material in open
spaces and in the absence of properly heated printing beds. Solid-state relays are
employed as gates to power the coils, which cool down under regular atmospheric
circumstances.

Table 4 shows the test part specifications including operating time for both spec-
imens. Note that the single-cycled design presents tighter layer heights and a lower
printing speed at the same material flow rate, thus expelling more material per length

General printing parameters

Printing speed Per part and layer (below/above 10 initial layers)
Printing type Continuous

Nozzle diameter 1.5 mm

Layer height Per part and layer (below/above 10 initial layers)
Support required No, geometrically feasible

Cooling
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General printing parameters

Printing speed Per part and layer (below/above 10 initial layers)
Extruder refrigeration Refrigeration liquid cooling
Layer cooling air pressure 3 bars
Layer cooling air temperature 18°C
Layer cooling air humidity 40-55%
Adhesion
Adbhesion type None, direct layering
Adhesion material Adhesive tape on printing bed
Table 3.
Printing parameters.

Figure 8.
Closeup of single-cycled design showing irregular geometry, material burns (left) and warping (vight), scale bar
shows a mark every 10 mm.

unit. A close-up view of the part’s layers is displayed in Figure 8, depicting geometry
inaccuracies caused by intricate geometry and low precision zones (Figure 8 left).
Furthermore, material burns can be seen in intermediate layers (Figure 8 left).

In addition to material burns, an excess of remaining latent heat in a layer can
result in undesired material fluidity, causing the part to collapse partially or
completely. More importantly, this may cause the nozzle to overheat, melting already
printed parts or layers, thus affecting the overall stability and geometry in undesired
ways. This effect may be seen in Figure 8 right above.

In addition to adjusting printing speed per layer perimeter, a layer cooling system
was developed and mounted (Figure 9). Also, geometry needs to be reviewed to
minimize the amount of material at that height (Figure 10).

Tested materials include PLA and PETG presented in spherical pellet form and
flake shape. Sizes are constrained to a maximum diameter of 6 mm for the former and
up to 6.25 mm in any direction for the latter. The main characteristics of the used
materials are displayed in Table 5 for clarity purposes.

Two main material arrangements are employed: (i) the use of purely spherical
pellets alone and (ii) a combination of spherical and flake-like pellets. These tested
material combinations include a series of mixes that allow checking for the feasibility
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Figure 9.
Closeup of single-cycled design showing test part (left) and regular layering (vight). Scale bar shows a mark every
10 mm.

Printing parts specifications

Single-cycled chair-like design Hopper
Size LxWxH 440.4 mm x 387.4 mm x 200 mm 334 mm x 334 mm x 329.8 mm
Layer type Single continuous, 2 walls Single discontinuous, 2 walls
Layer height (<10) 0.6 mm 0.65 mm
(>10) 0.8 mm 1mm
Layers 252 333
Printing speed (1) 40 mm/s 60 mm/s
Printing speed (2) 40 mm/s 80 mm/s
Printing time 18377.72s 3932.08 s
Printing length 735109.04 mm 311119.67 mm
Material PLA PLA
Material temp. 200 °C/220°C/220°C 200°C/220°C/220°C

Table 4.
Test part specifications.

of employing recycled and reused materials alongside new ones. Spherical pellets are
provided as new, while flake ones are recycled from a variety of untraceable sources.

Therefore, their specifications and applications may only be deemed as approximate
values. Table 5 specifies the results and issues tested on different material mixes. As
shown, most reliable results are obtained when combining new pellets and recycled ones
in a proportion of 80-20% or higher due predominantly to two factors: (i) the substan-
tial decrease in the reliability of the venturi feeding system while using flakes even at
high air pressures and (ii) the affection on printing temperature requirements when
combining different material sources, some of which might include unknown origins
and previous physical or chemical treatments or pre-processing (Figure 11 right).
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Figure 10.
Collapse of hopper’s tip due to heat accumulation and part’s layer quality (detail and overall).

Material specifications (spherical and flake pellets)

Polylactic acid (PLA) Polyethylene terephthalate glycol
(PETG)

Typical value Test method Typical value Test method

Material density 1.24 g/cm? I1SO 1183 1.27 g/cm? ASTM D792
Glass transition temp. 60 °C D3418 85°C D3418
Tensile strength at break 50 MPa D882

Tension yield strength 60 MPa D882 50 MPa ASTM D638
Rockwell hardness (R Sc.) 108 R ASTM D785
Tensile modulus 3.5GPa D882

Tensile elongation 6% D882

Notched Charpy Impact 5 KJ/m? 1SO-179-1eA

Notched Izod Impact 105 J/m ASTM D256
Flexural strength 83 MPa D790 69 MPa ASTM D790
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Material specifications (spherical and flake pellets)

Polylactic acid (PLA) Polyethylene terephthalate glycol
(PETG)
Typical value Test method Typical value Test method
Flexural modulus 3.8 GPa D790 2100 MPa ASTM D790
Heat distortion temp. 55°C E2092 70°C ASTM D648
Pellet (spherical)—new
Nominal Actual Nominal Actual
Shape Spherical Irregular Spherical Irregular
ellipsoid ellipsoid
Size ¢ 2.5 mm Variable ¢ 2 -¢ ¢ 2.5 mm Variable ¢ 1.5 -¢

4 mm

3 mm

Pellet (flake)—reused

Shape Irregular planar ~ Irregular non- Irregular planar ~ Irregular non-
polygonal flake  planar polygon  polygonal flake  planar polygon
Size < 10 mm <7.5 mm <10 mm <7 mm
Table 5.

Printing material parameters.

Figure 11.
Photography of ¢2—p4 mm PLA spherical and ¢p1.5-¢3 mm flake-shaped pellets used in the experiment.

6. Results and conclusions

In terms of size, the presented robot-based 3D-printing system is easily scalable to

produce as-large-as-required parts simply by modifying or selecting robot models
with a higher movement range, such as an IRB 1600, IRB 2600 or higher. Above

mentioned parameters such as printing speed or layer air-cooling might need further
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adjustment, despite the fact that larger parts allow more time for layers to cool down,
which plays a crucial role in the stability of the parts while printing. In other words,
larger sizes should be easier to print.

Special attention should be paid to warping, which highly depends on the geome-
try of the parts. The single-cycle chair-like design presents warping, in every instance
of the process, exactly where the geometry is more acute and the part’s printing length
is higher, causing the part to be less condensed or present a lower level of adhesion to
the printing bed. Warping, as opposed to layer cooling, will become a challenge with
bigger parts.

Results show that a proper material mix combining new-to-used PLA and PETG is
suitable for large-scale printing as shown in Table 6. Proportions of 80% new spher-
ical pellets to 20% reused flake-shaped pellets and higher work properly. Whereas
printing with pellets from equal thermoplastic types is achievable, mixing PLA and
PETG has proven pointedly a more delicate task. Nonetheless, manufactured parts
have proven to be stable and are well preserved through time, thus evidencing the
feasibility and reliability of the entire system. The implications of this technology on
the circular economy and environmental impact are left aside for future discussion.

Material combination results

Spherical polylactic acid (PLA) pellets Spherical polyethylene terephthalate

glycol (PETG) pellets

Proportion Proportion PLA Proportion Proportion PLA
spherical’ flakes’ spherical’ flakes’
Proportion1 100% 0% 100% 0%
Result Satisfactory printing Satisfactory printing
Not satisfactory
Not printing
Issue None None
Proportion1 60% 40% 60% 40%
Result Not printing Intermittent printing
Issue ¢ Feeder not fed * Material feeding interrupted

¢ Material not sucked into feeding pipe
¢ Venturi system failure

* Unpredictable feeding behavior
* Interrupted layer printing
* Unstable mixture-temp

Proportion 2 65% 35% 65% 35%
Result Not printing Intermittent printing
Issue ¢ Feeder not fed * Material feeding interrupted

¢ Material not sucked into feeding pipe
* Venturi system failure

* Unpredictable feeding behavior
* Interrupted layer printing

* Stepper motor misses steps

* Unstable mixture -temp

Proportion 3

70% 30%

70% 30%

Result

Irregular printing

Intermittent/irregular printing

Issue

¢ Material feeding interrupted

¢ Partially unpredictable feeding behavior

e Irregular layer printing

* Material feeding interrupted

* Partially unpredictable feeding behavior

* Irregular layer printing
* Stepper motor misses steps
* Unstable mixture—temp
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Material combination results

Spherical polylactic acid (PLA) pellets Spherical polyethylene terephthalate
glycol (PETG) pellets

Proportion 4 80% 20% 80% 20%
Result Regular, medium-quality printing Low-quality printing
Issue ¢ Flakes are dragged by spherical pellets * Unstable mixture—temp
¢ Warping * Increased warping
¢ Occasional material defects * Unreliable printing

“In terms of weight.

Table 6.

Material combination results.

Further research and funding will be required to challenge the thesis hereby
presented and to be able to print bigger, more intricate geometries. Also, a significant
part of future work will focus on the development of a more stable extruder, despite
efforts made in that direction.
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Chapter 7

Can the DryLyte® Technology
Polish 3D Printed Ceramic/Metal
Samples and in Particular WC-Co?

Guiomar Riu Perdrix and Joan Josep Roa Rovira

Abstract

DryLyte® Technology is an effective surface finish technique, which follows the
same traditional electrolytic cell principle, but uses an electrolytic solid non-
conductive medium rather than a liquid one. For the last 10 years, this technology has
been attracting a lot of attention compared to conventional ones due to the selective
smoothing of the surface technique, interacting only with the roughness peaks and
not with the valleys, etc. In this book’s chapter, for 3D-printed cemented carbides
(WC-Co) polished with DryLyte® Technology, it is shown the correlation between
the microstructure and the surface integrity, in terms of mechanical properties, at
submicrometric length scale. Also, a particular case study is presented of 3D-printed
WC-Co as a function of the testing temperature, ranging from room temperature up
to service-like working conditions. Finally, the mechanical properties are correlated as
function of the chemical nature and/or crystallographic phase.

Keywords: DryLyte® technology, roughness evolution, surface integrity,
ceramic-metal materials, cemented carbides

1. Introduction

The tribological and mechanical behavior of a tool under service-like working
conditions depends not only on intrinsic properties of the constitutive phases but also
on the material surface and subsurface properties—such as topography and residual
stress state. During the last 10 years, extensive research has been dedicated to inves-
tigating the relation between chemistry, microstructure, and the resulting mechanical
properties [1-3]. In addition to those bulk-related features, surface characteristics are
also crucial in determining the functional response of a given material. Commonly,
materials used for structural components are shaped into final dimensions and geom-
etry changed as the material goes through different surface modification processes as
mechanical working operations, material removal methods, heat treatment, and other
finishing practices.

In this regard, surface alterations and/or modifications become critical in control-
ling the properties and performance of final products, particularly if service
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conditions involve contact loading (e.g., wear, impact, fatigue, etc.) and/or environ-
mental (e.g., corrosion, oxidation, etc.) interaction.

In the case of manufacturing stages involving material removal (e.g., grinding,
lapping, etc.), a complex surface interaction exists between the tool and workpiece. In
this sense, the temperature near the surface increases which could produce micro-
structural changes, including oxidation and also possible local melting at the surface
level. Furthermore, plastic deformation, tearing, and fracture also occur. For all the
aforementioned information, mechanical and thermal changes at the surface level
take place along thermal stages which may induce relevant residual stresses [4].

The existence of a pronounced influence of manufacturing methods on mechanical
properties and service performance, as a result of the type of surface produced, is
well-establish. Within this framework, the concept of surface integrity in terms of
roughness has been introduced as a key parameter. In this sense, the surface integrity,
which contained not only the geometry consideration, including surface roughness
and accuracy, but also other microstructural aspects at the surface and/or subsurface
level.

Within this framework, this topic demands synergic interdisciplinary expertise in
different fields: materials science, machining and shaping technology, as well as sur-
face integrity in terms of mechanical properties [5, 6].

Ceramic/metallic materials and in particular the WC-Co cemented carbides (also
known as hardmetals), are the key materials for tooling industry. These materials
present an excellent combination of properties (e.g., hardness, strength, fracture
toughness, wear, and abrasion resistance) [7-12]. Hardmetal tools are produced
through a powder metallurgical (PM) route, where mixed WC and Co powders are
sintered at high temperatures to consolidate the composite material [4, 13]. WC-Co
grades are classified according to their Co content and WC grain size. The proportion
of WC phase is generally between 70 and 97% of the total weight of the composite and
its grain size averages between 0.4 and 10 pm. This range of cemented carbides can be
subdivided into its major application area as described below [14, 15]:

* Nano, ultrafine, and submicron grades, with a metallic Co binder content in
the range of 3-10 wt.% and WC grain size below 1 pm. WC-Co grades are widely
used in a wide range of wear part applications as well as cutting tools designed,
where the resulting tool needs high strength, wear resistance and sharp cutting
edges are essential under service-like working conditions.

* Fine and medium grades, with a metallic Co binder ranging between 6 and
30 wt. % and WC grain size ranging between 1 and 3 pm. WC-Co material is used
mainly in wear parts and cutting tools is employed in applications where strength
and shock resistance is required.

* Medium coarse, coarse, and extra coarse grades, with a metallic Co binder
content ranging between 6 and 15 wt.% and a WC grain size above 3 pm. WC-Co
grades are employed in oil and gas, and mining applications in which resistance to
high impact and abrasive wear is required.

However, during the last decade 10 years, the Additive Manufacturing (AM)
routes are gaining more importance in this field. However, due to the complex shapes
as well as closed cavities, conventional post-processing routes do not give out the
desired quality in terms of surface finish.
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2. Surface modification techniques on WC-Co grades

In the production of conventional WC-Co components, it is occasionally
necessary to carry out a number of shaping operations before final sintering.

Green compacts can then be produced in simple shapes, such as rectangular and
round blanks, by means of conventional methods, such as turning, drilling, and
grinding.

After sintering, the corresponding blank has achieved its fully density and final
mechanical properties, and it is ready to be dispatched. In this regard, most blanks
need to be further post-processed in order to get the desired shape, size, flatness, and
surface finish by using the traditional post-processing routes on WC-Co grades; being
the most common techniques: diamond wheel grinding, diamond lapping, and grind-
ing and electrical discharge machining (EDM) [16]. All these traditional post-
processing technologies will be briefly described in Section 2.1.

During the post-processing process, two aspects need to be taken into account: (a)
the functionality of the machined workpiece and (b) the economic efficiency.
According to different applications, the functionality of the workpiece after the post-
processing process can be divided into different groups as follows [17]:

* Mechanical functions, defined as the capability of carrying mechanical loads;
even monotonically and/or cyclically.

* Thermal functions, considering the heat resistance and/or conductivity as a
function of the testing temperature.

* Tribological functions, defined as the surface interaction with other media

* Optical functions, considering visible appearance and/or light reflection
behavior

* Flow functions, which consider the influence on the flow of fluids.

Each of the aforementioned steps in a manufacturing chain influences the work-
piece properties, which directly link to its functionality. Along this chapter of the
book, we will focus attention to changes induced at the surface level changing the
resulting roughness. In particular, the traditional post-processing techniques will be
briefly explained (see Section 2.1) and in particular compared with a disruptive dry-
electropolished technology (see Section 2.2) focusing the attention to these technolo-
gies on WC-Co AM specimens.

2.1 Traditional polishing techniques

The main requirements which lead to use post-processing routes on WC-Co
cemented carbides are:

* to reduce superficial roughness
* to keep geometry and preserve the specimen tolerances

* to polish complex shapes
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* to reduce the polishing times.

The most widely employed post-processing techniques on WC-Co cemented
carbides are:

* Diamond wheel grinding contains abrasive compounds for grinding and
abrasive machining operation. The wheels generally are made with composite
material. This consists of coarse-particle aggregate pressed and bonded together
by a cementing matrix to form a solid, circular shape. Grinding wheels are
consumables, although the life span can vary widely depending on the use case,
from less than a day to man years. Mainly, the abrasive aggregate is selected
primarily according to the hardness of the material being cured.

* Lapping also known as mechanical lapping, is widely applied in diamond
polishing for its simple process, low cost, and high efficiency [18]. This technique
consists on a machining process in which two surfaces are rubbed together with
an abrasive between them, by hand movement or using a machine. This
technique often follows other subtractive processes with more aggressive
material removal as a first step, such as milling and/or grinding. Lapping can take
two forms: (a) traditionally often called grinding, which involves rubbing a brittle
material, producing a microscopic conchoidal fractures as the abrasive rolls about
between the two surfaces and removes material from both and (b) involves a
softer material such as pitch or a ceramic for the lap, which is charged with the
abrasive. The lap is then used for finishing of WC-Co cutting tools, have proven
to be economical for this typology of materials.

* Grinding is virtually unchallenged for machining of materials which, due to their
extreme hardness or brittleness, cannot be efficiently shaped by other methods. In
the particular case of study, machining is almost exclusively dependent on this
process [19, 20]. This post-processing technique is a representative abrasive process
in which a grinding wheel is used. These wheels are composed of two materials—tiny
abrasive particles called grains and a softer bonding agent to hold the countless grits
together in a solid mass. During this process, each protruding abrasive grain interacts
with the workpiece surface and a local stress field upon each contact point causes
irreversible material deformation in the form of dislocation, cracks, and voids [21].

* EDM is a post-processing technique, which is increasingly used on WC-Co
suppliers. This is a thermal process where a workpiece electrode is shaped
through the action of a succession of discrete electrical discharges which local
erode (melt or vaporize) the material surface. Mainly, this technology is used for
close tolerances [10].

Mainly, the most common post-processing technology to process the workpieces of
WC-Co is the grinding (Figure 1a) and EDM process (Figure 1b), as shown in the
SEM micrographs presented on Figure 1.

After that, it is necessary to reduce the surface roughness induced by these tech-
niques by using chemo-mechanical process and/or chemical polishing process until
the WC-Co cemented carbides workpieces present a precise dimension and shape that
fulfill requirements in real applications [22-25]. However, the media used to reduce
the surface roughness induced by the ground and chemo-mechanical polishing
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Figure 1.
Scanning electron microscopy (SEM) micrographs of the microstructural quality for WC-Co post-processed by
(a) grinding and (b) EDM technologies.

T pum
—

Figure 2.

Scanning electron microscopy (SEM) micrographs of the microstructural quality for the WC-Co chemo-
mechanical polished. (a) Surface micrograph and (b) focused ion beam (FIB)—cross section showing the leaching
induced (painted in ved in the SEM micrograph) between both constitutive phases.

process can induce localized leaching at the metallic Co binder as shown in Figure 2a.
As reported in Refs. [26-28], when the pH media is below 7, the media induces a
galvanic couple, where the ceramic reinforcement particles (WC) act as the cathode
while the metallic Co binder as an anode. Thus, the potential difference between both
parts generates a microgalvanic couples that induce a corrosion effect generating a
difference in height between both constitutive phases of around 100 nm as shown in
Figure 2b. This difference in height may produce a reduction of the workpiece under
service-like working conditions.

From all the aforementioned information, the conventional post-processing tech-
niques present some drawbacks for the WC-Co workpieces when these have been
superficially treated by a ground and/or EDM process. Furthermore, these drawbacks
are more evident when the geometry of the specimens’ have complex shapes. In this
sense, the AM specimens cannot be post-processed using conventional techniques as
these technologies do not lead to the final workpiece:

(1) keep the geometry and preserve the tolerances and
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(2) be able to polish complex shapes in a short polishing time.
For all the aforementioned information, recently the DryLyte® Technology
increases their applicability in the market.

2.2 DryLyte® technology

This technology was developed to overcome the limitations of classic polishing
technologies (e.g., mechanical process, chemo-mechanical process, electropolishing,
etc.). In this sense, DryLyte® (contraction of the words dry- and electrolyte) Tech-
nology is based on a dry-electrolyte and dry-suspension electrolyte made up of an
ionic exchange resin.

In this sense, the structural characteristics, together with the functional group’s
nature and degree of the resin, has an important effect on its exchange-ion behavior.
Morphologically, they can be classified as macroreticular or gel-type resins and
macroreticular or macroporous resins:

1.Macroporous resins have stable macropores in the dry state and to fabricate
them, a minimum of around 10% cross-link degree is required. Their appearance
is opaque. The beads have a porous multi-channeled structure which provides
them with a high effective surface area. Nonetheless, they are more fragile than
gel-type resins as reported in [29].

2.Gel-type resins are a three-dimensional (3D) swollen structure with a
solvent evenly dispersed through it. When the solvent is removed, the gel
shrinks and its porosity is not appreciable in the dry state. This type of
resins presents heterogeneous micropores (ranging between 0.7 and 2 nm)
and a cross-link degree between 4 and 10%. Visually, they have a translucid
aspect [30].

The electrolyte presents a multi-modal particle size distribution (see Figure 3a)
with an interconnected porous microstructure (see Figure 3b) and is chemically
constituted of PolyStyrene DiVinylBenzene (PS-DVB). In this sense, the
electrolyte particles are arranged in such a way that they make electrical
contact with the negative pole of the power supply (cathode) and with the metal part
to be polished (anode), generating a close circuit as schematically depicted in
Figure 3b.

From all the aforementioned information, unlike traditional polishing systems,
DryLyte® Technology achieves a uniform surface finish, avoiding surface marks
patterns such as those generated by machining, and it is able to process complex
geometries without generating micro-scratches on the surfaces, preserving the edges
of complex geometries as the one produced by AM routes. Furthermore, this technol-
ogy leads to polish close cavities by using internal cathodes. This is the main advantage
to employ this technology to polish AM specimens in comparison with the traditional
post-processing routes.

As it does not generate any polishing and/or surface modification texture (e.g.,
grinding patterns, etc.), this technology improves surface integrity in terms of
mechanical properties (e.g., fatigue and wear) and chemical properties (e.g., corrosion
resistance, aging, etc.). In this sense, along the entire chapter, this technology will be
applied to ceramic/metal samples and in particular, to WC-Co cemented carbides
produced by AM routes.
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Figure 3.

(a) SEM micrograph of the PS-DVB electrolyte showing a multi-modal particle size distribution; (b) SEM
magnification micrograph showing the internal porosity; and (c) schematic vepresentation of how the electricity
passes through the PS-DVB particles during the dry-electropolishing process.

3. AM of WC-Co hardmetals
3.1 Theoretical background: bibliometric review

AM technologies process has emerged as an alternative to traditional manufactur-
ing process that can fabricate very complicated geometries with high efficiency and
reduce post-processing [31-37].

AM technology is increasingly considered as a key manufacturing technology of
tomorrow’s society due to the fact, it makes possible the production of complex near-set
shaped parts which are not feasible with conventional technologies (e.g., PM and/or
subtractive). With this bottom-up approach, material is added layer-by-layer where nec-
essary and the complex shape obtained. This technology offers several advantages, like:

* greater design freedom compared to conventional routes.

* the possibility of creating close cavities and/or channels to reduce the density and
optimize the cooling process, respectively.

167



Advances in 3D Printing

* the possibility of saving on raw material consumption.
* to reduce the production time.
* no need of using customized tools.

From all these advantages, AM technology is being employed in many industries,
like biomedical [38] and electronic [39] ones, as well as within scientific fields, such as
mechanical devices [40, 41], periodic microstructures [42], and ceramics [43]. In this
regard, the increasing interest in this technology is driven by its ability to produce
custom devices, its simplicity and speed.

During the last 10 years, the AM of WC-Co has been the subject of several research
efforts, and it is still in an early stage of development. AM technologies offer attractive
advantages in terms of producing WC-Co hardmetal cutting tools with complex
geometries, such as U-shaped or helical cooling channels inside. These internal,
contour-adapted cooling channels allow higher cutting speeds and, consequently, a
remarkable increase in the productivity of the machining process. The main AM
technologies suitable for metal are selective laser melting (SLM), selective electron
beam melting (SEBM), laser powder deposition, binder jet AM (BJAM), and wire arc
AM (WAAM) [44-54]. So far, AM technologies have been successfully applied to
stainless steels [55-59], Ni alloys [60, 61], Ti alloys [62, 63], refractory metals [64, 65],
Al alloys [66, 67], etc.

For WC-Co, it remains very challenging to use AM due to its very high melting
temperature. SLM and BJAM are the most attempted AM processes for manufacturing
WC-Co hardmetals. Besides, a few studies on SEBM [46], 3D gel-printing (3DGP)
[68], and fused filament fabrication (FFF) [69] of WC-Co hardmetal samples were

deeply investigated.

The AM techniques used for fabrication of WC-Co hardmetals and the main
research groups working on WC-Co AM were summarized in Tables 1 and 2.

AM Other names Advantages Disadvantages
process
SLM Laser powder bed (1) High dimensional accuracy (1) High residual stress
fusion, L-PBF (2) High geometric freedom (2) Uneven microstructure
(3) Less performing steps (3) Carbon loss
(4) High hardness (4) Evaporation of metallic Co binder
SEBM  Electron beam powder (1) High dimensional accuracy (1) High residual stress
bed fusion, E-PBF (2) High geometric freedom (2) Uneven microstructure
(3) Less performing steps (3) Expensive equipment
(4) High hardness (4) Needs vacuum to avoid the
(5) High scan speed oxidation of the metallic Co binder
BJAM  Binder jet 3D printing, (1) Uniform microstructure (1) Complicated processes
BJ3DP (2) High toughness (2) Large shrinkage
(3) Low cost (3) Low hardness
(4) Low residual stress (4) Moderate strength
3DGP N/A (1) Low residual stress (1) Complicate processes

(2) Uniform microstructure
(3) Low powder requirements
(4) No waw material loss

(2) Large shrinkage
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AM Other names Advantages Disadvantages

process

FFF N/A (1) Low residual stress (1) Complicated processes
(2) Uniform microstructure (2) Large shrinkage
(3) Low powder requirements  (3) Needs filament fabrication of the
(4) No raw material loss desired material

(4) Rough surface
Table 1.

Main research groups working on AM of WC-Co hardmetals [46, 68, 70-84].

Author Printing Material Research group/country Year
technology
Wang [85] SLS WC-Co Catholic University of Leuven/Belgium 2002
Maeda [86] SLS WC-4Co, WC-5Co, WC- University of Leeds/UK 2004
10Co, WC-30Co
Gu [87] DMLS WC-10Co with Cu matrix Nanjing University of Aeronautics and 2006
Astronautics/China
Gu [88] DMLS WC-10Co with Cu matrix Nanjing University of Aeronautics and 2006
Astronautics/China
Kernan [89] 3DP™ (SFF) WC-10Co Massachusetts Institute of Technology/ 2007
USA
Gu [90] DMLS WC-10Co Nanjing University of Aeronautics/ 2007
China
Gu [91] DMLS WC-10Co with Cumatrix ~ Nanjing University of Aeronautics and 2007
Astronautics/China
Gu [92] DMLS WC-10Co/Cu Nanjing University of Aeronautics and 2008
Astronautics/China
Kumar [93] SLS WC-9Co, WC-12Co, WC- Utah State University/USA 2008
18Co, WC-50Co
Xiong [94] LENS® WC-10Co University of California /USA 2008
Kumar [95] SLS WC-10Co Utah State University/USA 2009
Kyogoku [96] DMLS WC-10Co, WC-10Co with  Kinki University Hihashihiroshima/ 2012
Cu-Sn, WC-10Co with Cu Japan
Ghosh [97] SLS WC-15Co, WC-20Co National Institute of technology 2015
Agartala/India
Scheithauer T3DP WC-10Co (+ grain size Fraunhofer IKTS/Germany 2017
[98] inhibitors VC and Cr3C,)
Khmyrov [99] SLM WC-8Co Moscow State University of 2017
Technology/Russia
Kumar [100]  SLS WC-17Co York University/Canada 2017
Kumar [101] SLS WC-17Co York University/Canada 2018
Uhlmann [73] SLM WC-Co Fraunhofer Institute for Production 2018
Systems and Design Technology/
Germany
Enneti [102] BJ3DP WC-12Co Global Tungsten and Powder Corp/ 2019

USA
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Author Printing Material Research group/country Year
technology
Cramer [103]  BJAM + WC-19Co Oak Ridge National Laboratory/USA 2020
Infiltration
Padmakumar  SLM, SLS, WC-Co Technology Center/India 2020
[104] BJ3DP
Yang [105] SLM, SEBM, WC-Co Shanghai Jiao Tong University/China 2020
BJAM,
3DGP, FFF
Al-Thamir LPBF WC-12Co University of Nottingham 2020
[106]
Bricin [107] SLM WC-13Co University of West Bohemia/Czech 2020
Republic
Agyapong SLS WC-17Co York University/Canada 2021
[108]
Liu [109] SLM, LENS, WC-Co North University of China/China 2021
SEBM,
BJ3DP, SLS
Mariani [110] BJ WC-12Co Politecnico di Milano 2021
Rieger [111] Lithography- WC-(88-12)Co Aalen University/Germany 2021
base
Ibe [112] LPBF WC-17Co, WC-25Co Fujimi Incorporated/Japan 2021
Jucan [113] SLS WC-12Co/PA12 Technical University of Cluj-Napoca/ 2021
Romania
Lakovakis EBM WC-Co with CrC-rich The University of Manchester/UK 2021
[114]
Kim [115] DED WC-12Co Inha University/Republic of Korea 2021
Kim [116] MEX WC-10Co Korea Institute of Ceramic Engineering 2022
(Similar to and Technology/Korea
MJT)
Xing [117] LPBF WC-12Co Beijing University of Technology/ 2022
China
Zhao [118] SLM WC-12Co North University of China/China 2022
Li [119] LMD WC-20Co North University of China/China 2022
Wang [120] SEBM WC-12Co North University of China/China 2022
Tang [121] BJ3DP WC-18Co, WC-35Co Hefei University of Technology/China 2022
Papy [122] LPBF WC-17Co Technogenia/France 2022
Schwanekamp LPBF WC-12Co, WC-25Co University of Applied Sciences Cologne 2022
[123]
Wolfe [124] BJ3DP WC-12Co, WC-10Co Global Tungsten and Powers Corp/ 2023
USA
Fries [125] LPBF,SLM  WC-12Co Institute for Materials Applications in 2023

Mechanical Engineering RWTH
Aachen University/Germany

Table 2.
State of the art of the AM techniques used for printing WC-Co hardmetals.

170



Can the DryLyte® Technology Polish 3D Printed Ceramic/Metal Samples...
DOI: http://dx.doi.org/10.5772 /intechopen.110299

3.2 Can the DryLyte® technology act as a post-processing technique for the AM
specimens?

However, laser-based AM technologies for manufacturing WC-Co hardmetals have
encountered several issues as thermally induced cracks, heterogeneous microstructures,
and embrittlement due to the formation of undesirable phases [71, 126]. On the other
hand, sinter-based AM technologies offer the highest potential to process complex WC-
Co parts with properties similar to commercial grades [127]. For these techniques, at
this point in time limitations are found in regard to layer deposition quality, part size,

(c) {d) =
y A1)
" 4
3k
(Xy)~(1.26m, 1.2¢M)  ~ toper ~ 74 pm

Figure 4.

(a) Low SEM micrograph of the WC-Co sintered granules; (b) high-magnification SEM micrograph showing the
internal part of the sintered WC-Co granules where it is evident the low amount of metallic Co content; (c) 3DP
WC-Co drill bit head; (d) confocal laser scanning microscopy (CLSM) 3D reconstruction of the AM WC-Co drill
bit investigated [40]; and (e) SEM micrograph after being polished by using the DryLyte® Technology [128].
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and batch size. Recently, solved on granules 3D-Printing (SG-3DP) has been success-
fully used to process fully dense WC-Co complex parts. In this chapter, the feasibility to
polish SG-3DP by means of the DryLyte® Technology with lower Co content is
explored. This technique consists in spreading powder-binder granules produced by a
spry-drier technique (see Figure 4a) which were deposited layer-by-layer.

Figure 4b shows the WC-Co granules microstructure where low Co content is

clearly visible. As it is shown in Figure 4c by using the SG-3DP technology a drill

bit head was printed with a thickness layer of around 74 pm as determined by using the
Confocal Scanning Laser Microscopy, CSLM (see Figure 4d). As it is clearly evidenced
in the SEM and CLSM micrographs, the sintered drill bit produced by the AM technol-
ogy, presents a complex shape with high roughness values. To reduce the roughness of
this complex specimen is not possible using conventional post-processing technology as
the AM specimen will not preserve the desired geometry. In this sense, by using the
DryLyte® Technology, it is possible to reduce considerably the superficial average
roughness (S,) until reaching a value of around 20 nm as shown in Figure 4e. This S,
reduction implies a roughness reduction of around 33% of the initial roughness.

After using the post-processing technologies, it is possible to superficially change
the mechanical integrity in terms of hardness and elastic modulus. In this sense,
preliminary results highlight that the surface mechanical integrity for the WC-Co
specimens polished with DryLyte® Technology remains constant [128, 129] and
equals as the once reported in the literature after being polished using conventional
post-processing techniques [2]. Then, by using the DryLyte® technology leads to
polish complex shapes processing from the AM routes keeping constant the mechan-
ical surface integrity at the superficial level.

4. Conclusions

The conventional post-processing techniques do not lead to homogeneously polish
the AM specimens due to the fact these techniques do not keep constant the geometry,
preserve tolerances, etc.

DryLyte® Technology presents several advantages compared with the conven-
tional post-processing techniques as it allows to homogeneously polish complex spec-
imens. Keeping constant the surface integrity in terms of mechanical properties under
service-like working conditions.
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Appendices and nomenclature

AM additive manufacturing

BJAM binder jet additive manufacturing
CLSM confocal laser scanning microscopy
DED direct energy deposition

DMLS direct metal laser sintering

EBM electron beam melting

EDM electrical discharge machining
FFF fused filament fabrication

LENS laser engineered net shaping
LMD laser melting deposition

L-PBF laser-based powder bed fusion
MEX material extrusion

MJT MultiJet technology

PS-DVB PolyStyrene DiVinylBenzene
PM powder metallurgical

SEBM selective electron beam melting
SEM scanning electron microscopy
SLM selective laser melting

SLS selective laser sintering

SG-3DP solved on granules 3D-printing
Sa superficial average roughness
T3DP thermoplastic 3D printing
WAAM wire arc additive manufacturing
WC-Co cemented carbide or hardmetal
3D three-dimensional
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Chapter 8

Rheological Model of Materials for
3D Printing by Material Extrusion

Jorge Mauricio Fuentes Fuentes

Abstract

In this chapter, the viscoelastic model of Maxwell and Kevin-Voigt and the rheo-
logical model are described. The operation and characteristic equations of a capillary
rheometer are explained, as well as the Bagley and Rabinowitch corrections. Next, the
method used to determine the viscosity of semicrystalline polymer is explained, using
the capillary rheometer. Finally, the Rabinowitch is explained to define a rheological
model that determines the viscosity of materials using a capillary rheometer.

Keywords: rheology, additive manufacturing, viscosity, manufacturing by extrusion,
Bagley correction, Rabinowitch correction, cross WLF model

1. Introduction

Semicrystalline materials, such as polypropylene, are difficult to print by MEX
(material extrusion additive manufacturing), due to their lack of adhesion to the print
bed and their high shrinkage [1]. The problem increases when the pieces have a large
surface in relation to their height, so solutions such as cellophane adhesive tapes,
adhesive sprays, and other types of solutions are used. The specimens suffer evident
deformations (Figure 1), which might affect your application. This chapter shows
how a rheological study of the material is carried out to select the optimal properties
that would help to mitigate the warping problem.

In this chapter, an introduction to the viscoelasticity models and rheological
models is made to later carry out the study of the rheological parameters of semicrys-
talline polymers, which would serve as a basis for carrying out similar studies on any
other polymeric material for printing by MEX.

2. Viscoelasticity

Viscoelasticity is the property that polymers must behave like an elastic solid and a
viscous fluid [2]. Elastic deformation is instantaneous and independent of time. Vis-
cous materials, such as water, resist shear flow, and they relax linearly with time when
applying a strain. Elastic materials become taut when stretched and immediately
return to their original state once the tension is removed. In a polymer, deformations
occur with a delay in relation to the applied stresses. Polymers also have a plastic-type
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(@) (b)

Figure 1.
a) PP specimens deformed after the printing process by MEX. b) Comparison of PP, PA, and PC specimens after
the printing process by MEX.

component related to non-recoverable deformation, linked to immediate permanent
deformation.

In polymers, stress and time play important parameters in mechanical behavior
because they help determine if it will be strong enough, if it will be tough to withstand
blows without breaking, and how the polymer will deform under load.

The response of the material is conditioned by its viscoelastic nature. The analysis
of the response of these materials can be carried out from mathematical models that
try to explain the behaviors, among which are:

¢ Maxwell’s model
* Kelvin-Voight model
¢ Combined models.

A fully viscous response is that of a Newtonian fluid, whose deformation is linear
with time while stress is applied and is completely unrecoverable.

2.1 Basic models of viscoelasticity

When there is an elastic material, the deformation (e) is instantaneous and pro-
portional to the applied stress (), which is governed by Hooke’s law, shown in
Eq. (1), this behavior is represented by a spring [3, 4], which represents the stiffness
modulus (&).
¢Y)

T
For a viscous fluid, the deformation is not instantaneous and will depend on time;
and this deformation is not recoverable. This deformation is represented by a plunger
or piston with a fluid inside, and its behavior is given by Newton’s law, according to
the Eq.(2). This equation indicates that the stress or stress applied is proportional to
the strain rate, who’s constant of proportionality is the viscous constant of the fluid ()

d
6=nd—j (2)
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2.1.1 Maxwell viscoelasticity model

This model considers that the viscoelastic model of a polymer is given by the series
union of a spring and a piston. An ideal elastic element is represented by a spring that

obeys Hooke’s law [5, 6], with a modulus of elasticity &
Since there is a series coupling of both elements, the total deformation of the

assembly will be the sum of the elastic deformation independent of time (e;) and the
viscous component () that is dependent on time, according to the Eq. (3), see

Figure 2a and b.
e=e+e 3)

On the other hand, the stresses when connected in series are equal according to the
Eq. (4).

N M-V g M-E o

(a)

Elongation

(b)
Figure 2.

(a) Diagram of Maxwell’s viscoelastic model. (b) Series coupling of the elastic element (spring) and viscous
element (plunger).
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0=01=0 (4)

If the time variable for the deformations is considered, the Egs. (3) and (4)
become:

dSl B 1 d(51

dt & dt )

d82 1

a HGZ (6)

Deriving the Eq.(3) respect to time:
de de;  dep

de 1do; 1 de 1do o
& gd 7T d& gd 'y ®

If it is considered that a constant effort is applied, the expression is as indicated in

Eq. (9):

dS_Go
& 9

Integrating the previous Eq. (9), considering that the immediate response in the
elastic spring corresponds to the constant tension, we have:

e=—t+— (10)
n

It can be seen in Figure 3 that a viscoelastic element that works at constant tension
will have an immediate deformation due to its elastic component and an increasing
linear deformation, due to the viscous response of the polymer.

The Maxwell model is useful when it comes to predicting instantaneous elastic
deformation; however, when it comes to viscous deformation over time, it does not fit
reality, since this curve is not linear.

2.1.2 Kelvin-Voigt model

In this model of viscoelasticity, the behavior of a polymer is considered as the
parallel union of a piston and a spring [3, 4], as shown in the Figure 4.

In this model, when applying the tension, part of the energy will be stored by the
spring and the rest will be slowly dissipated when the viscous element (piston) moves,
resulting in a total deformation that depends on time [5, 6]. When the load is no
longer applied, the original shape of the spring will recover, but not the piston, see
diagram of Figure 5.

According to this model, the total tension applied will be equal to the sum of the
tensions of the spring and that of the piston, see Eq. (11). The total deformation will
be equal to the deformation of the spring and that of the piston, see Eq. (12), since
they are in parallel.
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8]
0=0,= constant
Time (t)
&
Ae
tga =E
Go '
80 =
g
\
Time (t)

Figure 3.
Representation of the deformation with respect to time according to the Maxwell model under the action of a

constant stvess.

KV-E

Figure 4.
Diagram of the kelvin-Voigt viscoelastic model in which there is a parallel coupling of the elastic element and the

viscous element.
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Elongation

Time
Figure 5.
Diagram of the elongation that a viscoelastic element undergoes over time that complies with the kelvin-Voigt
model.
6=01+0y (11)
e=g =¢g (12)

Considering the addition of stresses, we have the general expression of the Kelvin-
Voigt model:

%0420 (13)

de

p (14)

de
=gt g =get

When dealing with a long-term phenomenon, we have that: 6 = 6109, and the
solution of the differential Eq. is given by the form:

g = % [1 - e%ﬂ (15)

The behavior of the polymer applying this model is shown in the Figure 6, in this it
is observed that when a constant tension is applied to the material, it experiences a

Ty

-F
—it
E=—|1—en
§ ]

G=0,= constant

Time (t) Time

Figure 6.
Representation of the exponentially deformation with respect to time according to Maxwell model.
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progressive elongation exponentially. However, this does not square with reality,
since at time 0, there is an instantaneous deformation.

2.1.3 Combined model (burgers)

In general terms, the Kelvin-Voight model Eq. satisfactorily explains a real behav-
ior such as creep, which the Maxwell model does not consider. On the other hand, the
Kelvin-Voight model does not explain instantaneous deformation (Figure 7), which
the Maxwell model does and with a good approximation.

A good, more correct approximation that has been obtained to simulate the visco-
elastic behavior of polymers is to use a combined model that considers the Kelvin-
Voigt and Maxwell models and adjusts more to the real behavior, which is applicable
from the point of view engineering [7]. In this model, the two models are coupled in
series, according to the Figure 8, where the first component corresponds to the
Maxwell model and the second component corresponds to the Kelvin-Voigt model.

Identifying the subscripts M to the Maxwell model, KV to the Kelvin-Voigt model,
E to the elastic component of the spring, and V to the viscous component of the
piston, the above equations become:

Maxwell’s equation:

o= 0 4 90 (16)

Kelvin-Voigt equation:

*EKV—EI
eRV = [1 — eKv-v } 17)
KV—-E

If the two models are considered in series, the total elongation of the system is
equal to the sum of each of the Maxwell and Kelvin-Voigt systems individually.
Therefore, the expression that defines the yield in the combined model is:

Elongation

Time

Figure 7.
Schematic representation of the actual deformation that a polymer undergoes, in which the instantaneous
deformation, the deformation and the viscous vecovery of the material are observed.
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Maxwell
model |

Kelvin !

Voigt |
model | ’ aKv-E

Figure 8.
Scheme of the combined viscoelastic model (Burguers).
ETOTAL = €M + €KV (18)
O (¢ (¢ ZiKV-E
eTOTAL = ——t + s {1 — ey 't} (19)
Mw-v  &mr &kv-E

Each of the terms is defined as:

€ Elastic constant of the spring in Maxwell’s element.

Ny Viscous constant of the piston in Maxwell’s element.

Exv_g: Elastic constant of the spring in the Kelvin-Voigt element.

Ngv_y: Viscous constant of the piston in the Kelvin-Voigt element.

See Table 1.

The combination of simple moldings such as Maxwell and Kelvin-Voigt allows to
obtain models that are more adjusted to the real viscoelastic behavior of polymeric
materials.

(o) Op.t

EM — + (20)
Ev-g  MM-v

1- eiil@va’i] (1)

ERV =
Ekv_E

3. Polymer rheology

To carry out the correct modeling and simulation of the extrusion process through
a nozzle for printing by MEX, it is necessary to precisely know the viscosity of the
material, which depends on the physical parameters to which it is subjected [8, 9].
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y(s™)

—
Apparent
Dynamic viscosity
viscosity
v Slope from the origir
Slope in
each point
2P
7(Pa)

Figure 9.
Diagram of the relationship between dynamic viscosity and kinematic viscosity.

There are three types of viscosity: dynamic viscosity, kinematic viscosity, and
apparent viscosity. The dynamic or absolute viscosity (p) represents the internal
resistance between the molecules of a moving fluid and determines the forces that
move and deform it. The kinematic viscosity (v) relates the dynamic viscosity to the
density of the fluid used and represents the resistance of a fluid to sliding. Instead, the
apparent viscosity “n” is defined as the ratio between the shear stress (t) and the
strain rate (y) for fluids with nonlinear behavior (non-Newtonian). If the fluidity
curve is plotted (shear force vs. strain rate), it is also defined as the slope at each point
on the curve, see Figure 9.

In Figure 10, the required shear stress is represented as a function of the shear
speed to be reached for different liquids. In a Newtonian fluid, the slope of the curve
(n) is 1, while in a dilatant fluid (n > 1), the viscosity increases with the shear strain
rate. For some fluids such as polymer melts, some paints, and fluids with suspended
particles, the viscosity decreases with increasing shear stress (n < 1), these fluids are
called pseudoplastic or shear-thinning.

Thermoplastic polymers under low or no shear conditions behave like a Newtonian
fluid, while under high shear conditions they behave like a pseudoplastic, decreasing
rapidly with increasing shear rate [10], as can be seen in the example of polypropylene
shown in Figure 11.

3.1 Rheology for 3D printing

It is necessary to know if the designed plastic will be extrudable by the MEX
method, to avoid performing many time-consuming and expensive empirical tests
[12], as well as avoiding nozzle clogging, setting the parameters of the 3D printing
machine, as well as avoiding phenomena such as contraction and adhesion to the
printing table.

To simulate plastic extrusion through the die, you can use the rheology data and
compare it with a plastic that extrudes correctly and compare the rheological curves,
which will show, for example, shear rate and shear stress [13, 14].
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Dilatant

Newtonian

Log t

Pseudoplastic

Fluid does not
comply power law

Log (dy/dt)

Figure 10.
Power law schematic showing logr versus log(dy /dr) for different types of fluids.

Viscosity-shear rate
POLYFORT ®FIPP T1005

1E4
@ — 230°C
& i —— 240°C
c \ — 250°C
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3
=
S

www.gampusplastics.co
1E1
1E1 1E2 163 1E4

Shearrate in 1/s

Figure 11.
Viscosity graph of PP, POLYFORT® FIPP 30 T K1005 at 3 temperatures [11].

The cutting rate can be determined by:

* making an initial shear rate measurement of the melt viscosity to obtain the
power law index.
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* know the printing speed and nozzle diameter.

* apply the rheological Egs. (1)-(4).

3.2 Viscosity measurement

One of the most important characteristics to predict the behavior of an extrusion
or injection process is the viscosity of the melted material. There are several methods
for obtaining viscosity as a function of shear rate [15]. Instruments used to measure
shear rates must shear the fluid at measurable rates, and the stress developed must be
known, for which a rotational viscometer or capillary rheometer can be used [16]. For
the tests of this work, a capillary rheometer was used. Extrusion pressure or volumet-
ric flow rate can be controlled as the independent variable, and the other is the
measured dependent variable [17] .

3.2.1 Rotational rheometer

In this rheometer, the fluid is sheared at a given temperature between an annular
space due to the rotation of a coaxial internal cylinder inside another cylinder or by
the rotation of a conical plate on a stationary plate or vice versa [18]. Rotational
viscometers using two coaxial cylinders measure low viscosities of liquids, see
Figure 12a. In a plate-and-cone viscometer, the polymer is contained between the
lower plate and the cone, which rotates at a constant speed (2), see Figure 12b. These
viscometers are used for viscosities less than 10 s™*. This viscometer is expensive
equipment, it gives information at the molecular level, and it only serves to give
information about the fluid in the Newtonian regime.

Q

Q
Outer
cylinder s
Cone
Inner
cylinder
Polymer
Plate
(b)
Polymer

(a)

Figure 12.
a) Diagram of a coaxial cylinder viscometer. b) Diagram of a plate and cone viscometer.
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3.2.2 Capillary tube rheometer

There are three main reasons why the capillary rheometer is widely used in the
plastics industry [19]:

the shear rate and flow geometry in the capillary rheometer are very similar to the
conditions actually encountered in extrusion and injection modeling;

a capillary rheometer typically covers the wider shear rate ranges (10 ~®s ~*-10°
s™ s

a capillary rheometer provides good practical data and information on matrix
swelling, melt instability, and extrudate defects.

In this equipment, the fluid is forced to pass from a container through a small
diameter hole or capillary in a nozzle, by mechanical or pneumatic actuators or pistons
[12]. The fluid is kept at a constant temperature due to the use of electric heating
resistances (Figure 13).

Under constant flow and isothermal conditions for an incompressible fluid, the
viscous force resisting the movement of a column of fluid in the capillary is equal to
the applied force tending to move the column in the direction of flow, then:

_RAP
2L

T= (22)

1. Piston

2. Cast polymer
3. Resistors

4. Container

5. Nozzle

Extrusion
thickening

Figure 13.
Diagram of a capillary rheometer.
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where,

R is the radius of the column.

Lis the length of the column.

AP is the pressure drop across the capillary.

7 is the shear stress.

According to the above, the shear stress 7 is maximum on the cylinder walls and is
zero in the center. For the calculations the maximum shear stress will be used.

In normal capillary rheometry, the molten material vents to the atmosphere, and
the driving static pressure in the reservoir is taken as AP. In such cases, end effects
involving viscous and elastic deformations at the capillary inlet and outlet must be
considered when calculating the actual shear stress in the capillary wall, particularly if
the ratio of capillary length to radius (L/R) is small.

For a fluid that exhibits Newtonian behavior, the shear rate at the wall is given by:y

. 4Q
=— 23
=23 (23)
where Q is the volumetric flow rate through the capillary due to pressure AP, then
the viscosity of the melt can be expressed as:

_t_ 7R*AP
7y E

(24)

Values measured by capillary rheometers are often presented as plots of shear
stress versus shear rate at certain temperatures. These values are called the apparent
shear stress and the apparent shear rate at the tube wall.

3.3 Bagley’s correction

This correction is applied due to the overpressure that occurs when going from a
large cylinder (container or charge cylinder) to a small one (nozzle). The Bagley
method is considered in which the overpressure is evaluated by relating it to an
apparent increase in the length of the nozzle [20]. The total pressure drop APy is
given by the sum of the pressure drop in the reservoir, at the inlet AP, in the
capillary AP, and at the outlet, due to the swelling of the polymer at the outlet. The
pressure drop in the capillary is required to make the calculations and the pressure
drop in the reservoir and the pressure drop at the outlet due to swelling can be
neglected [21].

APtOt - Ape + AP (25)

For two or three capillaries, measurements are made of the total pressure drop as a
function of the volumetric flow, for which the piston moves at different speeds, so
that the flow varies, with the corresponding pressure variation, see Figure 14. As the
flow increases, the cutting speed increases. With greater capillary length, there is a
greater pressure drop.

For the same flow, the pressure drop for the three capillaries is taken. For each
flow value, a minimum of 2 L/D points are obtained, and straight lines are made for
each flow. In our case we have three capillaries (Figure 15). In total, seven flow data
were taken as a function of piston speed (Figure 16).
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Figure 14.
Pressure drop curve (APr,) versus volume flow (Q) for three nozzles (3 L/D ratios).

The determination of the correction value is carried out with a test in which at least
three nozzles with different values of the L/D ratio are used.

AP

2+e) (26)

Tcorr =

where,

T.orr 18 the corrected shear stress in [Pa].

e is the additional apparent length of capillary measured at a given shear rate
measured in [mm].

In order to determine, which is an empirical constant that tries to correct the
effects of exit and entrance of material in the molten state in the capillary, it is
extrapolated to AP = 0, from the representation of AP versus L/D at constant shear
rate and for capillaries of different lengths.

Extrapolating means that the L/D ratio is 0, that is, there is no change in diameter.
When it intercepts in AP, the value of pressure drops at the inlet (AP,) is obtained,
then from Eq. 9.24 we have:

AP = APt — AP, (27)

For each of the straight lines and for the three points, the shear stress is calculated
corrected 7.
The apparent shear stress is evaluated with:

AP-D

i @
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Figure 16.
Bagley plot: Pressure drop vs. L/D for different shear vates [22].

Corrected shear stress is as follows:

—AP D
Tcorr = (m) Z (29)

3.4 Weissenberg: rabinowitch correction

This correction is applied to the shear rate, since a molten plastic does not behave
like a Newtonian fluid that presents a parabolic velocity distribution [23], but rather

in a pseudoplastic manner, presenting a non-parabolic velocity distribution [24], this
is shown in the Eq. (30)
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3+ )7,
Yeorr = % (30)

where,
Yeorr 18 the corrected shear rate in [s-1];
n is the slope of the relationship between shear rate and shear stress;

Yapp TePresents the apparent value of the shear rate on the tube wall;
dlogt
n= " ot (31)
dYZPP

n is 1 for a Newtonian fluid.

3.5 Polymer rheological models for 3D printing using Cross-WLF parameters

Cross-Williams-Landel-Ferry (WLF) model or Cross-WLF model [25] uses the
results of the experimental data obtained in a capillary rheometer to describe the
rheological behavior of polymeric materials, which allows the determination of
their viscosity, to evaluate their processability under different conditions [26]. Within
the manufacturing processes, the polymer is subjected to various shear conditions,
which need to be evaluated and predicted [27]. Under conditions of low or practically
zero shear, the viscosity of the material usually remains constant, presenting a
Newtonian behavior. On the contrary, under high shear conditions, the viscosity
decreases rapidly with the shear rate, showing a pseudoplastic behavior [28].

This model has been chosen because it can predict with a very good approximation
the pseudoplastic behavior of the melt at high shear rates and the Newtonian behavior
at low shear conditions [29], see Figure 14. This viscosity model is used in computer-
aided engineering (CAE) programs such as Autodesk Moldflow™ and Ansys
PolyFlow™ [30] for simulation of the plastic injection process [31, 32], because it
offers the best fit to the viscosity data [33]. This model also simplifies the calculations
of the pseudoplastic region, favoring the interpretation of results by considering its
slope linear on a logarithmic scale [34].

This viscosity model describes the dependence of viscosity as a function of tem-
perature (K), the shear rate T, (y(s_l) and pressure p (Pa), which are the model
dependent parameters.

The viscosity according to this model is expressed as:

Tm:
Tlo(Tm;P) y (1-n)
1+ (—y)

T*

n ('Y, T, P) =

where,

1 is the viscosity of the molten material in [Pa.s];

1o is the zero shear viscosity or the ‘Newtonian limit’ where the viscosity
approaches a constant at very low shear rates [Pa.s];

7* is the constant of the model that indicates the shear stress from which the
pseudoplastic behavior of the material begins, determined by fitting the curve [Pa]
with K = %7 is the index of the power law in the high shear rate regime, determined
by the curve fit that symbolizes the slope of the pseudoplastic behavior in the form of
(n — 1), see Figure 17.
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Approximation of the viscosity with the Cross-WLF model in Eqs. (32) and (33) [35].

y is the apparent shear rate in [s'].

This model is complemented by the Williams-Landel-Ferry (WLF) model. Bagley
[20] which helps to determine the behavior of the material with respect to null shear
phenomena and offers reliable results. His expression is:

(—Al-(Tm—w) y
No(TmsP) = { Dyee\ At/ 8i Ty >T

00ysi Ty <T

Ay =A;+Ds3ep

T:DerDg'p (33)
where:
T is the glass transition temperature of the material in [K], which depends on the
pressure.

D; is the model constant that indicates the viscosity under zero shear conditions at
the glass transition temperature of the material and atmospheric pressure, in [Pa.s].

D, is a model constant indicating the glass transition temperature of the material at
atmospheric pressure, in [K].

D3, constant of the model that indicates the variation of the transition temperature
of the material as a function of pressure, in [K/Pa].

Ay, A,, are model constants, in [—], [K], respectively.

pes the pressure in [Pa].

To use this model, its seven parameters can be determined based on estimates
given by various authors [36] or by analysis of the characteristics of the materials.

4, Conclusions

It is important to know the viscoelastic and rheological properties of the materials
for 3D printing by MEX, since this will allow to avoid performing an error trial
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process, which is long and expensive, being able to perform the process through the
necessary parameters to simulate the process through computer-aided engineering.

The rheological parameters of a polymer or composite material for manufacturing
by extrusion can be determined by using a capillary rheometer, due to its high cutting
speeds and shear stresses.

Bagley and Rabinowitch corrections can be applied to the results obtained through
the capillary rheometer to compensate the change in diameter in the capillary, and
these results can be exported to simulation programs by computer to verify the
technical feasibility of manufacturing with the composite material.

When the Cross WLF model is applied, we have a good approximation of the
rheological properties of the material to any pressure and temperature condition,
which allows us to extrapolate the results to adjust the properties in a 3D printing
process by MEX.
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Appendix 1

Terms and symbols

A [-] Constant of the WLF Cross model

A, [K] Constant of the WLF Cross model

D [Pa-s] Capillary diameter

D [Pas] Material viscosity, under zero shear conditions, at material transition temperature and

atmospheric pressure

D, [K/Pa] Constant of the Cross-WLF model symbolizing the variation of the transition temperature
of the material as a function of pressure

AP[bar] Constant of the Cross-WLF model symbolizing the variation of the transition temperature
of the material as a function of pressure

AP, [bar] Inlet pressure drop (Bagley’s correction)

AP, [bar] Total pressure drop (Bagley’s correction)

¢ [Pa-s] Additional apparent length (Bagley’s correction)

Exv_g [MPa]  Elastic spring constant in the Kelvin-Voigt element

Em_g [MPa]  Elastic spring constant on Maxwell’s element

7 [s7Y Shear rate at which the material is being processed

Yapp [s7] Apparent shear rate
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n [Pa/s] Viscosity

Nayp [Pa/s] Apparent viscosity

Ngv_v [Pa/s]  Viscous plunger constant in the Kelvin-Voigt element

Nmv [Pa/s]  Viscous plunger constant in Maxwell’s element

No [Pa/s] Material viscosity under zero shear conditions

L [mm] Rheometer nozzle length

ul[Pa-s] Dynamic or absolute viscosity

n[—] Cross Model: Slope of the pseudoplastic behavior of the material

v[m?/s] Kinematic viscosity

P [Pa] Pressure

Q [m’/s] Volumetric flow rate through the capillary due to pressure

R [mm] Radius of capillary viscometer column

6 [MPa] Applied stress

T [°C] Temperature

T, [K] Material temperature during the Cross-WLF model process

7 [Pa] Shear stress

Teorr [Pa] Corrected shear stress

* [Pa] Shear stress at which the pseudoplastic behavior of the material starts

Tapp [Pa] Apparent shear stress

Q [rad/s] Angular velocity of the inner cylinder of a rotational viscometer
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Chapter 9
3D Printing for Tissue Regeneration

Meghana Kasturi, Vidhi Mathuy, Prachi Agarwal,
Varadharajan Srinivasan and Kirthanashvi S. Vasanthan

Abstract

Tissue engineering is an interdisciplinary field and 3D bioprinting has emerged to
be the holy grail to fabricate artificial organs. This chapter gives an overview of the
latest advances in 3D bioprinting technology in the commercial space and academic
research sector. It explores the commercially available 3D bioprinters and commer-
cially printed products that are currently available in the market. It provides a brief
introduction to bioinks and the latest developments in 3D bioprinting various organs.
The chapter also discusses the advancements in tissue regeneration from 3D printing
to 4D printing.

Keywords: 3D bioprinting, bioink, tissue engineering, regenerative medicine, 4D
bioprinting, scaffold

1. Introduction

Tissue engineering is a branch of biomedical engineering that focuses on repairing
and/or replacing diseased and damaged organs. This is done primarily via develop-
ing artificial organs using natural or synthetic materials. Organ shortage is a severe
problem worldwide due to the non-availability of donors and tissue engineering
strategies enable to produce a scaffold that mimics the organ of interest [1]. Three-
dimensional (3D) bioprinting has great potential in this field and was developed in
the early 1990s, and has evolved ever since. It is an additive manufacturing (AM)
technique that uses computer-aided design (CAD) models to deposit biomaterials
on the substrate along with living cells, extracellular matrix (ECM) components,
biochemical cues, and drugs. The three basic steps in the 3D bioprinting process are:
(i) preprocessing - includes developing CAD models to develop in-vitro scaffolds or
to develop organ blueprints from imaging modalities such as computer tomography
(CT) and magnetic resonance imaging (ii) processing - produces a physical structure
that mimics the organ/tissue of interest from the designed model (iii) postprocess-
ing - improves the bioprinted organ model and scope for transplantation if required.
Over recent years, there has been a huge demand and interest in 3D bioprinting due
to its potential to produce high-throughput biomimetic organ scaffolds. Several
technological advancements have come up in 3D bioprinting which are mentioned in
Figure 1. The goal of 3D bioprinting is to provide alternative approaches to autolo-
gous and allogeneic implant treatments and avoid animal testing in drug studies and
disease models. 3D bioprinting has several biological applications in the fields of
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Figure 1.
Various classifications of 3D bioprinting.

tissue engineering, materials science, pharmaceutical drug development and valida-
tion, cosmetics testing, personalized medicine, regenerative medicine, cell-based
biosensors, and bionics.

2. Commercial 3D bioprinters

A 3D bioprinter is an automated device that enables the development of functional
tissue and organ models. The 3D bioprinting technology is generally classified into
three types — (i) droplet-based bioprinters (ii) extrusion-based bioprinter (iii)
light-based bioprinter (Figure 1). Extrusion-based bioprinters are widely used and
are based on the principle of depositing the material layer by layer. Laser-based
3D bioprinters deposit the bioink drop by drop, the principle is like an inkjet 3D
bioprinter. Some companies and universities have developed 3D bioprinting technolo-
gies that cannot be easily classified into widely known technologies. For example,
Cyfuse Biomedics has developed a technique where cells are 3D printed on a needle
array. A scaffold is not required in this method instead only a cluster of cells (not
mixed with other biomaterials) are skewered onto vertical needles to fabricate 3D
tissue structures. Companies like rainbow biosciences have developed a bioprinter
called BiOassay where biocompatible magnetic nanoparticles are used to print the 3D
structures and use the working principle of magnetic levitation [2]. There are many
emerging bioprinting technologies being developed by researchers across the world to
make the process more efficient and cost-effective. Currently, the 3D-printed organs
can be used for research only; however, in future, they can be transplanted into
human patients.

The wide range of applications has driven many companies/universities to develop
bioprinting technology. The following are the types of business models utilized by
these companies that exploit bioprinting technology — (i) Manufacturing bioprinters
(ii) Providing bioprinting services (iii) providing cell therapies that utilize bioprint-
ing technology. Commercially available 3D bioprinters have increased in the market
over the past decade and have rapidly advanced the tissue engineering field. The
3D Bioprinting Market is expected to reach USD 3261.31 Million by 2027, from USD
796.9 Million in 2020 growing at a compound annual growth rate of 22.3% during
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2021-2027 [3]. The growth of this market is due to a limited number of organ donors,
and an increase in the aging population with chronic diseases. The rise in R&D invest-
ment in this sector, advancement in commercially available products, and increment
in the incidence of chronic diseases are other vital factors that are likely to boost
market growth during the coming years [4]. Table 1 provides a list of commercially
available bioprinters in the market.

3. Formulation of bioinks

In bioprinting, cells are placed at user-defined coordinates, along with biomateri-
als that are either (i) mixed with cells before printing, or (ii) printed simultaneously
with one print head while the cells are deposited via the other print head (Figure 2A
and B). Materials used in bioprinting that contain cells in the mixture are termed as
bioink. The biomaterial is usually a polymer (natural or synthetic) that has biocom-
patible components and provides favorable rheological properties for the desired
organ of interest. Hydrogels are the most used bioinks. However, hydrogel precursors
are widely in use these days as they can be cross-linked into hydrogels post-biofabri-
cation. Another method is to crosslink the precursor solution to obtain a viscous ink,
followed by crosslinking the scaffold post-printing [5].

An ideal bioink should have the desired physicochemical properties to print
mechanically stable scaffolds which mimic the organ of interest (Figure 2C). These
properties are determined by the mechanical strength of the scaffold, viscosity of the
ink, chemical structure of the polymer, and biological characteristics of the desired
tissue. These properties should lead to: (i) mechanically stable scaffolds, that have
the mechanical strength similar to the native tissue (ii) adjustable rheological proper-
ties (gelation, viscosity) to help in ease of bioprinting the constructs while retaining
the desired structural shape (Figure 3); (iii) biocompatibility, biodegradability if
required; (iv) not be cytotoxic to be suitable for in vivo studies and possible trans-
plantation in future; and (v) large scale reproducibility of the ink [6]. Optimizing the
bioink formulation is a vital step toward successful bioprinting and this is represented
in Figure 4 in the form of a flowchart. Table 2 provides a few examples of different
polymers that have been used in the formulation of bioinks.

4. 3D bioprinting for hard tissues
4.1 Bone

Bone is a complex tissue that has mechanical, metabolic, and hemopoietic func-
tions. It provides structure and function to the surrounding tissues. Currently, bone
defect repairs are treated by grafts: Autologous grafts, allografts, and synthetic grafts.
Alternative methods like cadaver allografts and xenografts are available but they
have poor biological properties like lower biocompatibility and risk of infection.
Osteoconductive properties are seen in synthetic grafts but are degraded by osteoclasts
and hence are suitable for small defect repairs only. Bone tissue engineering offers solu-
tions to treat bone defects and one effective way is via 3D bioprinting. However, a major
concern is to provide a solution that overcomes the challenges faced in conventional
treatments by improving osteoinduction and osteoconduction. Studies have shown that
3D bioprinted bone constructs avoid the possibility of immune rejection which was
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(A) Bioprinted scaffolds with cells in ink (B) cells seeded on scaffolds after bioprinting (C) properties to consider
for the formulation of an ideal bioink.
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Figure 3.
Ideal strength and degradation profile of a bioprinted scaffold.

observed earlier in the use of grafts which may have otherwise led to inflammation,
fibrosis, scarring, and transplant failure. The advantage of 3D bioprinting over the
current grafting technique is that the cells are spatially distributed within the construct,
thus optimizing tissue regeneration. 3D-bioprinted bone tissues have a huge impact
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Flowchart depicts the process of bioink development.

on clinical practice as it makes reconstruction of bone defects with complex shapes
efficient and less time-consuming, by translating defect data from image modalities like
CT to CAD designs which make it possible for patient-specific bioprinting. The ideal
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Polymer Constituent materials Constituents of polymers
origin
Natural Polysaccharides HAY, dextran, chitosan, agarose, Alginate
Polymers Decellularized Extra Cellular Matrix dECM?

Proteins Collagen, lysozyme, silk, Matrigel™, gelatin, fibrin
Synthetic Biodegradable synthetic polymers PCL?, PLA*, PLGA®, methacrylated HA, GelMA®
polymers Non-biodegradable synthetic polymers HEMA’

Bioactive synthetic polymers Proteins, peptides, carbohydrates, PLA
Hybrid Synthetic polymer, modified natural Pluronic® 127/carboxymethyl hexanoyl chitosan
polymers polymers

Synthetic peptide-modified proteins or
polysaccharides

Glucose, Gluconic acid

SPNIPAAm modified polymers

PNIPAAm/Collagen, PNIPAAm/Chitosan, and
PNIPAAm/Alginate

YPEG-modified natural polymers

Heparin, dextran, HA, fibrinogen, and albumin,
HAP®

'HA- Hyaluronic acid.

’dECM - decellularized extra cellular matrix.
3PCL-Polycaprolactone.

*PLA -poly lactic acid.

SPLGA- poly (lactide-co-glycolide).

GelM A-methacrylated gelatin.

"HEMA- 2-Hydroxyethyl methacrylate.
8HAP- Hydroxyapatite.

9PNIPA Am- Poly (N-isopropylacrylamide).
PEG- Polyethylene glycol.

Table 2.
Polymers used in bioinks.

scaffold should mimic the bone structure and composition, have a good resorption rate,
allow for vascularization, and have a higher bone healing/formation ability compared to
ceramics and metals. Fabrication of bone constructs with various geometries, porosity,
and sizes, which are specific to each patient’s features is possible via 3D bioprinting. It
also helps to fabricate osteoinductive scaffolds [7].

Bioink is necessary to bioprint bone and it should have good mechanical strength
without losing cell viability and bioactivity. Bioinks can be classified in three cat-
egories- (i) first generation — materials that are bioinert and biocompatible. Chances
of rejection are minimized in this case. The scaffold remains in vivo to provide
mechanical support and does not degrade, e.g., metals (stainless steel and titanium)
and polymers (ii) second generation — materials that are biocompatible and bioactive
simultaneously. They allow mineralization and biodegradation over time so that the
cells can replace the scaffold. (iii) third generation — bioresponsive materials. They
contain growth factors and stimulatory molecules that trigger osteoblast differentia-
tion including bone morphogenetic proteins (BMP) and fibroblast growth factors
(FGF). A composite bioink is most beneficial for use since it combines the best of all
three generation of bioinksi.e., a balance between mechanical and functional proper-
ties is obtained to meet the needs of the desired tissue [8].

Bone regeneration requires osteoinductive cues which include growth factors such
as vascular endothelial growth factor (VEGF), fibroblast growth factors (FGF), bone
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morphogenetic proteins (BMPs), parathyroid hormone, and platelet-derived growth
factor (PDGF). Growth factors are delivered in 3D-printed bone scaffolds during

or after the printing process. The biochemical factors can be delivered on already
printed scaffolds by adding them on the top surface after printing or within the
micropores during printing. These osteogenic factors help in enhanced cell prolifera-
tion, differentiation, and angiogenesis. Bioinks were formulated using BMP-2 loaded
PLGA nanoparticles, alginate, and mesenchymal stem cell (MSC). Composite bioink
showed enhanced printability and yielded stable constructs post-printing. Sustained
in vitro release for up to two weeks was observed in BMP2-loaded PLGA nanoparticles
and was also noted to induce osteogenesis of the MSCs [9]. Bone healing is linked

to the relationship between blood vessels and bone cells. It is known that VEGF is
released during fracture healing. VEGF inhibition has been shown to interfere with
fracture repairs and bone defects. However, it was not sufficient to heal large defects.
Furthermore, it was observed that VEGF did not drive progenitor cells toward the
chondrogenic or osteogenic lineage. Hence, combination therapies with BMPs are
being developed to advance the regeneration of large bone defects. VEGF and BMP-2
were delivered to enhance the regeneration of large bone defects. The release of these
growth factors was studied by 3D bioprinting alginate-based bioinks with nanopar-
ticles. The bone formation was enhanced in vivo by slowing the release of BMP-2.
Enhanced vascularization was found in vivo when VEGF was introduced in the study.
Accelerated large bone defect healing was observed in this case using 3D-printed
implants containing VEGF and BMP-2 [10].

Osteoinductive materials are preferred for studies in bone regeneration as they
enhance regenerative properties. A study has shown that the NICE bioink (7.5%
methacrylated gelatin, 1% kappa carrageenan, 2% nano silicates) showed both high
print performance and enzymatic degradability. This bioink provided cell friendly
microenvironment for bone bioprinting [11]. Jakus et al. developed a bioink com-
posed of 90% HAP and 10% PCL or PLGA. It was found that the bioprinted scaf-
folds promoted osteogenic differentiation without additional biochemical factors.
Higher biocompatibility, tissue integration, vascularization, and mineralization were
observed in animal studies with no immune rejection [12].

Cell adhesion, viability, and metabolism are influenced by a scaffold’s internal
architecture like pore size and shape which in turn affect the bone regeneration
capacity. A major challenge in developing a scaffold is to obtain a balance between
the mechanical strength of the scaffold and mimicking the native strength of the
tissue. A comparative study was done in the internal architecture of the scaffold- (i)
continuous pattern (ii) zigzag-Spiral pattern, in treating bone defects treatments.

It was found that the printed scaffolds showed characteristics like that of a native
bone — permeability, porosity, and mechanical properties which are owed to the
microarchitecture of the scaffold design. Human mesenchymal stem cells seeded
scaffolds determined the effects of geometrical microstructure on cell attachment
and morphology. The cells in the scaffold with a zigzag pattern infilled pores quickly
in comparison with the other pattern [13]. Tables 3 and 4 outline the latest develop-
ments in 3D bioprinting of bone in-vivo and in-vitro studies respectively.

4.2 Teeth

Teeth are the hardest part of the human body and have limited capacity for
repair and regeneration. The gold standard treatment for permanent tooth loss by
disease, defect, or injury has been dental implants. Titanium alloys are widely used to
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manufacture dental implants. The tooth has multiple internal organs and its connec-
tion to surrounding tissues (periodontal ligament and alveolar bone) is important for
its function. Hence, the entire tooth unit i.e., tooth root and the adjacent connecting
tissues should be considered for tooth regeneration. The 3D printing technique is
beneficial for tooth regeneration and building patient-specific supporting structures
for teeth (e.g., dentures, dental implants, aligners etc). Dentistry applications of
scaffolds are in the limelight of research with the aim of enhancing the regeneration
of dental tissues. Bioprinting dental and periodontal tissues is a primary focus of
research in dental regeneration [34].

In the native tooth, two mineralized tissues are present — dentin and enamel.
Dentin provides strength and toughness while enamel is hard and resistant to both
fracture and wear. Titanium alloys are commonly used implants, and they exceed
the required strength and stiffness that is normally found in native teeth. This leads
to alveolar bone resorption post-implantation. A study used collagen, agarose, and
fibrin-based bioink to bioprint dental pulp. The study was successful in vascular tube
formation at the root. Human dental pulp cells and Human primary umbilical vein
endothelial cells were used in the bioink. Injecting the prepared bioink by the hand-
held bioprinter in-vitro showed vascularization and proved to be effective in compar-
ison to filling up the canals with inert materials and sacrificing the tooth [35]. Yi-Ting
Lin et al., developed calcium silicate-reinforced gelatin methacrylate bioink and bio-
printed dental pulp stem cells along the scaffolds for dental regeneration. The release
of silicon ions from the scaffolds contributed to enhanced regenerative properties by
upregulating the expression of various odontogenic-related biomarkers. It was also
found that these increased calcium mineralization. The developed bioink enhanced
the mechanical properties of the scaffold and contributed to increased regenerative
properties [36]. Jonghyeuk Han et al., developed a new Demineralized Dentin Matrix
particle (DDMp) bio-ink. This bioink is composed of human tooth-derived DDMp,
fibrinogen—gelatin mixture, and dental cells. It was found that the DDMp bio-ink
improved odontogenic differentiation [37]. Tables 5 and 6 outline the latest develop-
ments in 3D bioprinting of teeth in-vivo and in-vitro studies, respectively.

5.3D bioprinting for liver

Liver disorders like acute liver failure, chronic liver disease, liver fibrosis, viral
hepatitis, and carcinoma have led to high mortality which requires liver transplanta-
tion [58]. 3D printing has been used as an alternative strategy to generate organs
in vitro as being a shortage of organ donors [59]. 3D printed patient-specific liver
models are being used and are showing great potential in disease treatment while the
constructs having scaffolds and cells (bioprinted) are being used for the fabrication
of liver tissue-like constructs and whole artificial livers [60].

It is very important to select the appropriate kind of cells and scaffold when
considering 3D printing of liver tissues [61]. The viability of the hepatocytes
reduces in vitro and there is a loss of hepatic phenotype [62]. Many studies have
focused on liver regeneration using patient-specific functional cells and pluripotent
stem cells. Valve-based inkjet bioprinting has been used by Faulker-jones et al.
to print human induced pluripotent stem cells and human embryonic stem cells.
The cells were able to differentiate into hepatocyte-like cells post-printing, and
there were positive results for nuclear factor 4-alpha and albumin secretion. The
cells were compatible to fabricate mini livers as drug testing models [63]. Primary
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rat hepatocytes, HUVECs, and human lung fibroblasts were bioprinted by Lee

et al. using multiple nozzle-based extrusion printing. Collagen-based bioink was
mixed with the cells and a 3D construct was fabricated by infusing the bioink into
PCL framework. There was enhanced survival and functionality of the HCs in the
printed liver construct due to the 3D environment-induced interaction among cells.
This study showed potential in the liver tissue regeneration field for the capillary-
like networked 3D constructs [64].

Robbins et al., used iPSC-derived HLCs, and endothelial and hepatic stellate
cells to fabricate highly reproducible 3D liver constructs. These constructs had high
viability, multi-layered architecture, tissue-like cell density. There was improved
reproducibility, durability, and biological complexity in a study conducted by
Nguyen et al. the liver constructs were able to show more biological functions
including storing lipids and glycogens and retaining their viability, and compart-
mentalized structure. Kim et al., used an alginate scaffold and primary mouse
hepatocytes to fabricate liver constructs [65]. The cells were viable for 14 days and
there was an increase in albumin, HNF-a. Zhong et al., fabricated 3D-printed hydro-
gel and they were implanted in mice in different groups acting as a control, hydrogel,
hydrogel with cells, and hydrogel with hepatocyte growth factor. The viability of
the cells was not affected by the hydrogel. The group implanted with cells showed
significant improvement in levels of albumin, bilirubin, and the group with HGF,
had the longest survival time [66].

6. 3D bioprinting for tubular organs

Tubular organs like Esophagus, blood vessels, urethra, etc. are very prone to
infection and can be treated via surgery, stent insertion, and organ transplant that
is dependent on suitable donors and autologous organs [67]. Tissue engineering has
emerged as an alternative approach for developing grafts and scaffolds.

6.1 Blood vessels

Vascular systems are the most common tissue-engineered structures in the body.
Development and discoveries have happened in the past years toward the fabrication
of vascular networks in all organ systems. An arterial scaffold consisting of three
layers of polydioxanone, fibrin, and gelatin was fabricated by Thomas et al. [68]. The
Polydioxanone (PDS) layer provided mechanical integrity and the protein layers had
a similar functional extracellular matrix as blood vessels. Nguyen et al., fabricated a
tubular scaffold made up of PCL/PU using electrospinning for artificial blood vessels,
which demonstrated improved cell attachment and proliferation [69].

6.2 Trachea

Tracheal disorders are rare but still life-threatening like tracheal stenosis and
narrowing, and such disorders require immediate treatment. 3D printing of trachea
constructs is gaining popularity in the field of regenerative medicine [70]. 3D bio-
print tracheal constructs were fabricated by Taniguhi et al. using chondrocytes and
mesenchymal cells [71]. Spheroids were fabricated and matured in a bioreactor; then
as tracheal grafts transplanted in rats. Silicone stents were used as a framework to pro-
vide support and prevent collapsing of the stent. Vascular and epithelium networks
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were observed over the grafts thus successfully making a way in tracheal engineering.
Goa et al., fabricated a porous PCL construct that would mimic the native trachea

of rabbits [72]. The graft was cytocompatible as it was observed when seeded with
chondrocytes. There was successful formation of cartilage tissue in the subcutaneous
spaces of the mice. Later, it was transplanted into the rabbit, and the survival time
was observed as 10 weeks. The fabricated scaffolds can be used for tracheal replace-
ment therapies and for repairing whole-segment tracheal defects.

6.3 Excretory organs

Many organs in the excretory systems are hollow and tubular in morphology
including Bowman’s capsule, tubules in renal nephron urethra, etc. 3D printing
has been utilized and applied in the fabrication of tissues and organs in this organ
system. Zhang et al., fabricated cell-laden urethra using PCL and poly (lactide-co-¢-
caprolactone) (PLCL) polymers having spiral scaffold design that could mimic the
native properties of the urethra of rabbits [73]. Urothelial cells and smooth muscle
cells of the bladder were added to the hydrogel comprising gelatin, Dulbecco’s
Modified Eagle Medium (DMEM) and hyaluronic acid, and the cell-laden hydrogel
was fabricated. The urethra was 3D printed by adding PCL/PLCL polymers blend
in one syringe and cell-laden hydrogels in another. The polymers provided with
the structural framework and the cell-laden hydrogels contributed to mimic the
microenvironment. It was observed that the scaffold had the mechanical properties
equivalent to native rabbit urethra and the hydrogel was able to maintain a suitable
microenvironment and the results set up a strong foundation for future studies
on 3d bioprinting of urethra. Pi et al., used a coaxial extrusion-based printing
technique to fabricate complex tubular hollow fibers which were made up of blend
bioink consisting of PEG, and GelMA /alginate hydrogel [74]. The main objective of
this study was to avoid the pre/post-processing step as the coaxial nozzle allows the
printing of multiple layers in one step. The team was successfully able to print can-
nular urothelial tissue constructs using human urothelial cells and human bladder
smooth muscle cells. This kind of fabrication is a fundamental step toward creating
human cannular tissues.

6.4 Gastrointestinal tract

The esophagus is the tubular tube connecting throat to stomach. Many congenital
and acquired disorders of GI tract have only esophageal replacement as the treatment
option. 3D printed scaffolds are being considered to repair damaged esophagus.
Esophageal reconstruction has been done using resorbable materials, acellular
matrices, decellularized patches, and implants of synthetic polymers [70]. Pisani et
al., fabricated a biodegradable patch using PLA-PCL polymer. Two different tech-
niques- electrospinning and temperature-induced precipitation were used to develop
the cellularized patch. The protocol was repeatable, reproducible, and simple [75].
Haghdel et al., fabricated a flexible esophageal stent to treat esophageal strictures
using PLA, polyurethane, and Polyvinyl alcohol (PVA) [76]. The stent was assessed in
vitro and in vivo canine esophagus. The stent was implanted in a 16-year-old boy who
had esophageal stricture, and it was observed for 2 months. No major inflammatory
effects and cytotoxicity were observed, and the mechanical tests revealed that the
nature and behavior did not change significantly. This biocompatible polymeric stent
can be used as an individualized treatment for treating esophageal structures.
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7. Commercial 3D bioprinted products

Manufacturing companies have been using 3D printing for years, mostly to
create product prototypes. Models and molds are produced by several manufactur-
ers using huge and quick 3D printers referred to as “rapid prototyping machines”
[77]. There are many.stl files that may be used for business. Many of these printed
goods are comparable to those that are made traditionally [78]. There are now
businesses that employ 3D printing for industrial medical purposes [79]. These
include Organovo, Helisys, and Ultimateker, a business that creates living human
tissue through 3D printing. The use of 3D printing in medicine, however, is still
relatively new. The market value of 3D printing is $700 million out of which only
1.6% of it is devoted to medical uses. If we look at the numbers, it is anticipated
that the market value of 3D printing will expand to be a sector of $8.9 billion
in the next 10 years out of which 21% of it is estimated to go toward its usage in
medical applications [78].

The democratization of product design and production is another advantageous
aspect of 3D printing [80].

A significant shift has been made in the manner hearing aids are made, currently
99% of hearing aids that fit in the human ear are fabricated via 3D printers. Every
individual has a unique ear canal shape, and 3D printers make it possible to build
custom-shaped devices quickly and affordably [81]. Another productive commercial
use of 3D printing is the production of 50,000 Invisalign braces per day. Each user’s
set of these transparent, removable, 3D-printed orthodontic braces is unique and is
created to order. This item serves as an excellent illustration of how 3D printing can
be utilized effectively and commercially to create unique, personalized, complex
items [80].

In 2010, Organovo made its first noteworthy business using just primary human
cells to successfully bioprint entirely functional blood arteries. The year 2014 saw the
introduction of Organovo’s ExVive™ 3D bioprinted human liver tissue models. There
were histological and functional resemblances to the natural liver, and albumin, ATP,
and CYP3A4 activity are consistently expressed for up to 28 days. Drugs like Valproic
acid and Monocrotaline have their therapeutic effects demonstrated using tissue
models [79].

Organovo released ExVive™ Human Kidney Tissue in 2016, a complete three-
dimensional bioprinted human tissue made of primary renal fibroblasts and endothe-
lial cells at the tubule-interstitial interface, which is rich in collagen IV, and polarized
primary renal proximal tubule epithelial cells (RPTECs) in the apical layer [77].
ExVive™ Human Kidney Tissue displays in vivo-like renal transporter expression,
barrier function, and the production of the crucial enzyme gamma glutamyl transfer-
ase (GGT). When subjected to the chemical Cisplatin, this bioprinted kidney tissue
produces kidney damage indicators and shows transporter-dependent (OCT2) drug
uptake [82]. The world’s first animal thyroid gland was successfully 3D printed by 3D
Bioprinting Solutions (3dbio) in March 2015 and then implanted into the mouse when
it was alive. In addition, to create artificial tissues in the International Space Station
using a magnetic 3D bioprinter, 3dbio has been collaborating with Russia’s national
space agency, United Rocket and Space Corporation (URSC). The company hopes to
fabricate synthetic thyroid and kidney tissue using this technology [83].

The most recent RX1TM bioprinting from Aspect Biosystems makes use of their
exclusive Lab-on-a-Printer™ microfluidic technology. Contains a coaxial flow-
focusing system that guarantees the direct extrusion of biological fibers in a range
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of diameters. The device was utilized to show how to fabricate the 3DBioRingTM
artificial airway. Primary human airway smooth muscle cells make up contractile
smooth muscle tissue that lines the airway. When histamine is present, the airway
tissue responds with proper and repeatable contractions, and when pharmacological
stimuli are present, it dilates (B2-agonist) [84].

A new biotech company called BIOLIFE4D was established in 2015. The busi-
ness hopes to 3D bioprint patient-specific, perfectly operational hearts for secure
and reasonably priced organ transplantation. They are a strong group of biomedical
researchers and businesspeople that are now supporting their research through equity
crowdfunding. The goal of the BIOLIFE4D technique is to 3D bioprint a human
heart using adult induced pluripotent stem cells (iPSCs), following a complete MRI
(Magnetic Resonance Imaging) scan to determine the precise dimensions needed for
its production [85].

Poietis makes use of INSERM and the University of Bordeaux technology. The
business focuses on D laser-assisted bioprinting technology and collaborates with
BASF and L’Oréal to develop bioprinted skin models and hair follicles, respectively
[86]. Their NGB 17.03 bioprinting machine, which has an eight-axis motion, can
print 3D models down to the level of a single cell. Early in 2018, Poietis introduced
the first bioprinted human full-skin model made with their NGB bioprinter, called
Poieskin® [87].

In collaboration with scientists at Sichuan University’s West China Hospital,
Revotek has had success implanting 3D-printed arteries within simian test subjects. In
30 rhesus monkeys, a replacement of a 2-centimeter portion of the abdominal artery
was done with a 3D-printed blood conduit, and the stem cell bioink was created using
the monkeys’ own autologous adipose mesenchymal stem cells (ADSCs) [88]. Using
a print head with two nozzles, the printer can presently manufacture 10-centimeter
blood arteries in about two minutes [89].

TeVido biodevices make use of patented Clemson University technology. TeVido’s
initial product is a bioprinted nippular-areola implant for breast reconstructive
surgery. In two to three years, clinical trials are expected to begin. The second product
from TeVido is intended for Vitiligo sufferers who desire to print skin tissues to lessen
the contrast in colors [90].

8. Advancements in 4D bioprinting

The fourth dimension (4D) which is 4D printing incorporates time, and it is an
improved production method based on 3D printing. With this technique, external
stimulation can cause the printed constructions to alter form over time. 4D bioprint-
ing refers to the recent expansion of 4D printing to include the printing of complex
constructions from biocompatible materials or even live cells. If one of the follow-
ing criteria is met, 4D printing can be referred to as 4D bioprinting. 1) Biomedical
engineering may make use of printed products, such as biomedical gadgets. 2) The
printed materials are transplantable into the human body and are biocompatible. 3)
The printed materials are loaded with living cells. When using 4D bioprinting, the bio
constructs size, form, and/or functionality might vary over time [91].

The benefits that 4D printing has over 3D printing might prove to be the neces-
sary proof of concept and accelerate wider adoption. More precisely, 4D printing
enables the implementation of micro or nano actuators by providing sensation,
knowledge of the movement, and programmability embedded into the material
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without any requirement for an external source or system like the batteries, wires,
engines etc. Additional advantages of these systems include decreased installation
time, expense, human effort, mistakes, storage, and the number of components in a
prototype or system.

There have been reports of 4D printing applications in several industries, includ-
ing medicinal devices, security, the creation of precisely patterned surfaces for
optics, electrical devices, constructions with multidirectional capabilities, and soft
actuators. Recent years have seen a huge increase in the popularity of soft robotics,
which attempts to emulate biology by building flexible and rigid controlled objects,
notably for the medical industry. Researchers have recently been more interested in
the usage of Shape memory alloys and electroactive polymers which are the materi-
als that change their shape and size according to the temperature and electric field
respectively [92], pressurized fluid or gas-operable elastomers, chemical stimuli, and
light-sensitive materials with a focus on soft robotics and the biomedical area. Asa
result, many new opportunities and chances are anticipated to materialize soon as the
development of 4D printing technology would open several new possibilities [93].

Zhang et al. modified cellulose with stearoyl moieties to create a material that
responds to moisture. They created a film out of this material that, when exposed to
an environment with a moisture gradient, would bend because of the non-uniform
absorption of moisture [94]. To expand its biological uses or improve the control
of printing accuracy, certain novel techniques are emerging. In certain ways, recent
advances in 4D bioprinting have resolved issues that were once seen as obstacles,
such as the development of microscale vascular models and medication delivery
systems for the stomach and muscular actuators. Now that 4D bioprinting is more
understood, it has drawn a lot of attention to the research of tissue regeneration and
biomedical devices [95]. The fact that 4D bioprinting can better suit the physiologi-
cal aspects of the body is now widely acknowledged by experts. Instead of being ina
static environment like 3D printing, the 4D bioprinted devices may integrate dynamic
modification. It has been demonstrated that 4D bioprinting has enormous potential
to change tissue engineering, medication delivery, and other sectors. It offers up a new
path for bio fabrication. We have a thorough grasp of the biomedical area thanks to
the innovative features of 4D bioprinting, not only in terms of tissue and organ regen-
eration but also in terms of illness therapy. It totally advances the idea of biomedicine
while innovating traditional industrial techniques. The tissues in the human body are
exceedingly malleable, non-static, and have special roles that are ideal for dynamic
alterations. Conventional 3D-printed objects may have certain forms, topologies, or
cells, but they are unable to demonstrate dynamic processes. Given this, 4D bioprint-
ing effectively satisfies the need for biomedicine. To the greatest degree possible, 4D
bioprinting aims to emulate biological functions in vivo. The bodily reaction cues that
trigger the shift should be secure and simple to manage [96].

9. Conclusion

In this chapter, we have reviewed the basics of 3D printing, the various types of
bioprinters available like droplet-based, extrusion-based, light-based bioprinters.
There are many commercially available bioprinters discussed, developed by vari-
ous companies fulfilling the requisites of bioprinting. Bioinks are the core part of
bioprinting, and it is important to formulate them properly to get the constructs
that can be stable, biodegradable, biocompatible, and able to mimic the native
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microenvironment of the tissue. Numerous studies have been mentioned where

3D printing has been used to fabricate bone grafts, dental implants, liver disease
models, liver tissue constructs, vascular structures, tracheal constructs, cell-laden
urethra, and esophageal stent. Some of the mentionable commercially available 3D
printed products available include ExVive™ 3D bioprinted human liver tissue model,
ExVive™ human kidney tissue, animal thyroid gland by 3dbio, etc. The future of 3D
printing is 4D printing which utilizes time as a fourth dimension. The smart materials
used for 4D printing change the shape and size under the influence of an external
stimulus. 4D printing will open several new possibilities in the field of biomedicine.

10. Future scope

3D printing is the latest technology creating a buzz in all fields including artifi-
cial intelligence, advanced simulations, biomedicine, and engineering. The scope
embraces objects like human organs, aircraft components, and much more. The
technique is being widely accepted due to the several advantages its offers including
patient-specific design, high complexity, cost-effective fabrication, and high pro-
ductivity. The possible uses of 3D printing are endless now, from decreasing the cost
of health care to the construction of houses. The cost of production of the prosthetic
limb has been reduced to 75% by using 3D printing by the company Mercuris.
Rice university has developed a 3D bioprinter that can print narrow blood vessels
and which led to developing lung model. 3D printing is being explored by various
researchers but now many are working around 4D printing as it is the upcoming
technique that is beginning to establish. There are still many challenges and hurdles
that must be addressed including the lack of multi-material printers, lack of low-cost
printers, and smart materials. The area is still new and unexplored.
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Chapter 10

Structure and Properties of
Biodegradable Polymer Materials
for Fused Deposition Modeling 3D
Printing

Jing Tian, Yanyan Zheng, Qing Ouyang, Ping Xue, Baohua Guo
and Jun Xu

Abstract

The properties of 3D printed products are closely related to the raw materials and the
processes by which they are made. The processes of melting, depositing, and cooling of
polymers affect the orientation, crystallinity, and microstructure of the product. These
in turn influence the thermal, mechanical, optical, and other properties of the printed
part. Among various 3D printing methods, filament and pellet extrusion-based fused
deposition modeling (FDM) 3D printing is the cheapest and mostly adopted. In this
chapter, the devices and some biodegradable polymer materials applicable in FDM 3D
printing are briefly introduced. In the first part, preparation and the structure-property
relationship of polylactic acid/polybutylene succinate blend filaments are discussed.
Rheological, thermal properties of the raw materials and the properties of the printed
parts were characterized. In the second part, a pellet extrusion 3D printer with a micro-
screw was designed for using pellets of polyhydroxyalkanoate composites, which are
difficult to produce filaments. The relationship between the screw parameters of the
micro-screw extrusion 3D printer, rheological properties of the composites, and the
printed product performance has been investigated. Combining theory and practical
application will provide guidance for formulating biodegradable polymer materials and
designing equipment for FDM 3D printing.

Keywords: fused deposition modeling, biodegradable polymer materials, structure,
rheological properties, mechanical properties

1. Introduction

3D printing, also known as additive manufacturing (AM), refers to a series of
processes used to stack into a three-dimensional solid. AM has unique advantages for
innovative manufacturing of products owing to its single-piece, low-volume, rapid
manufacturing characteristics. AM technology can be classified into different types,
such as selective laser melting, selective laser sintering, fused deposition modeling
(FDM), etc. Among them, FDM technology is well known for its simplicity and low
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cost, which makes FDM unique among the many 3D printing processes. The condi-
tions required during FDM are mild since the plastic has a low melting point and
does not produce many harmful substances, allowing for desktop-level printing. The
processes that need to be mastered by those operating them are also simple and the
final products require little or no post-processing.

Environmental protection, green manufacturing, sustainable economic develop-
ment, and the search for alternatives to nonrenewable resources have long been issues
of global concern. Biodegradable materials derived from renewable sources are the
most promising substitutes for petroleum-based resources [1, 2]. The AM of fully
biodegradable materials combines the advantages of biodegradable materials and AM
technology, therefore, products made of renewable biodegradable materials can be
precisely designed and manufactured. FDM technology is the most suitable in AM to
process biodegradable composites owing to its wide material compatibility, low cost,
and structural design flexibility. This chapter mainly discusses the FDM printing of
biodegradable polymer materials and attempts to reveal the relationship between
material, equipment, and process parameters, and the performance of printed prod-
ucts, using filament and pellet extrusion FDM as two examples.

2. Filament extrusion 3D printing
2.1 Commonly used filament extrusion 3D printer

Since the commercialization of fused deposition modeling (FDM) 3D printing
technology by Stratasys, it has become the most common and fastest-growing 3D
printing method, accounting for over 50% of the 3D printing market. Currently, fila-
ment extrusion remains the mainstream commercial FDM technology. Figure 1 shows
the principle of FDM-based 3D printing. One of the most common processes today
is to take a filament consumable, which must be of a specific diameter (1.75 mm or
3 mm) and is pushed through a pair of filament-feeding gears into a hot melt nozzle for
melting. The material extruded from the nozzle is deposited on a three-dimensional
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Figure 1.
Principle of FDM-based 3D printing.
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platform. The motor drives the nozzle in the X-Y plane and the platform drops one
layer in height after each print run, thus achieving layer-by-layer accumulation.

FDM technology is characterized by its simplicity and low cost, however, the qual-
ity of the molded part is low and the strength of the interlayer bond is the main factor
affecting the mechanical properties. This is owing to the inherent printing principle
of FDM technology and the performance of the printed part will vary significantly
in different printing directions. This problem is also prevalent in other 3D printing
technologies. For the same ABS material, the ultimate stress of an injection molded
part was 26 MPa, whereas that of FDM printed bars could only reach a maximum of
22 MPa [3].

The performance of 3D-printed parts is often improved by optimizing the printing
parameters. As shown in Figure 1, a large number of FDM parameters have different
effects on product properties [4]. The effect of different printing parameters on the
performance of printed parts has been studied extensively. The main influencing
parameters of filament extrusion FDM are raster angle, layer thickness, nozzle diam-
eter, feed rate, infill density, printing speed, etc. The significance of several process
parameters in filament extrusion FDM has been reported in the literature: raster angle
> layer thickness > printing speed > nozzle temperature [5-18].

2.2 Biodegradable materials commonly used for FDM 3D printing

The widely used biodegradable polymers include polylactic acid (PLA), polyhy-
droxyalkanoates (PHA), polybutylene succinate (PBS), polybutylene adipate-co-tere-
phthalate (PBAT), and polycaprolactone (PCL), of which PLA, PHA, and some PBS
(using fermentation-derived succinic acid) are both bio-based and biodegradable.
The biodegradable materials commonly used for FDM are still mainly PLA. There
is also a small amount of research on other biodegradable composites, such as PBS,
PBAT, and PCL. Table 1 lists the characteristics of biodegradable polymers commonly
used for FDM 3D printing.

Polymer Printing Biodegradation Biodegradation Printing characteristics and
temperature (°C) (industrial)* (ocean)* printed product performance
PLA 190-200 6-9 weeks >1.5 years Easier to print and no odor; less
warpage; poor heat resistance; and
impact resistance
PBS 130-200 2-5 months >1year Heavy warpage; good heat

resistance; and toughness

PBAT 150-200 2-3 months >1year Difficult to feed filament; less
warpage; good heat resistance,
ductility, and impact resistance

PCL 80-100 4-6 weeks 6 weeks Difficult to feed filament; poor
heat resistant
PVA / 1-2 weeks 4 months Prone to thermal degradation;

commonly used as a water-soluble
support material

"Biodegradation refers to industrial compostability under EN 13432 or ASTM D6400 conditions or degradation in ocean
water according to the references [2].

Table1.
Characteristics of biodegradable polymers commonly used for FDM 3D printing.
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PLA is currently a widely used printing material for home 3D printers. PLA is
biodegradable, has no irritating odor, and does not warp easily during the print-
ing process. However, it is less heat resistant, with a glass transition temperature of
around 60°C. It is also hard and brittle, with an elongation at break of less than 10%
and poor impact resistance, which limits its use in applications requiring ductility and
flexibility. Furthermore, PLA biodegrades slowly in the natural environment, mainly
through hydrolysis and chain breaking. Overall, PLA biodegradability is dependent
on numerous factors such as degradation environment, permeability to water,
molecular weight, and crystallinity [19].

PBS is a thermally stable, processable, and biodegradable aliphatic polyester.
However, the use of PBS for 3D printing is still relatively unexplored. Because of its
low stiffness and high shrinkage, PBS can suffer from severe warpage during printing,
leading to print failure, so it needs to be modified before it can be used for filament
3D printing.

To promote the development of FDM-based 3D printing, the design of new envi-
ronmentally friendly polymeric materials that overcome the disadvantages of existing
materials has attracted much research interest. By blending with PBS, which has
better toughness and heat resistance, the disadvantages of PLA in terms of brittleness,
low melt strength, and poor thermal stability can be avoided.

3. Blending modification of PLA to improve the performance of
printed parts

The process of modification by blending PBS with PLA is shown in Figure 2. The
dried PBS and PLA pellets were premixed and added to the twin-screw extruder
for melt blending, and the specific formulations are listed in Table 2. The obtained
blends were pelletized and extruded as 1.75 + 0.02 mm filaments by a single-screw
extruder for FDM 3D printing. This section provides a reference for determining

PBS and PLA
pellets

R

PBS/PLA blends
pellets

Material Process Performance of
properties parameters printed products

Figure 2.
Schematic diagram of the process of blending PBS and PLA, extrusion of filaments, and FDM 3D printing using
the blend filaments.
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Sample Content (wt%)
PBS PLA
PBS100 100 0
PBS80/PLA20 80 20
PBS60/PLA40 60 40
PBS40/PLA60 40 60
PBS20/PLA80 20 80
Table 2.

Sample information of PLA/PBS blends.

whether a thermoplastic polymer is suitable for FDM printing by studying the
relationship between the rheological and crystallization properties of the PBS/PLA
blends, process parameters, and the performance of the printed products [20].

3.1 Characterization of PBS/PLA blends
3.1.1 Rheological properties of the blends

The viscosity of the filament affects the FDM printing process. It has been
reported that the modulus/viscosity ratio of the filament before entering the heating
zone should be in the range of (3-5) x 10° s to ensure continuous and stable convey-
ing without bending near the feed pinch rollers [21]. If the filament melt viscosity is
too high, it can lead to extrusion difficulties, affecting the performance of the printed
part or even leading to print failure. Therefore, the proper melt viscosity is also
critical for filament FDM printing. The modified blends were subjected to a rotational
rheology test to investigate the rheological properties, and the results are shown in
Figure 3. The zero-shear viscosity of the blends gradually decreased with the increase
in PBS content. And the Newtonian plateau area widens and the shear thinning effect
weakens at 60% PBS content and above. This is because the zero-shear viscosity of
PLA is much higher than that of PBS at the test temperature. Figure 3b and c shows
the storage modulus (G’) and loss modulus (G”) of the blends. Similarly, since the
modulus of PLA is higher than that of PBS, the modulus of the blends gradually
decreases with the increase in PBS content.

The FDM-3D printing process is accompanied by the cooling and solidification
of the material, so it is necessary to study the thermal properties of the raw material.
The crystallinity of the PBS/PLA blends increases with the PBS content, as shown in
Figure 4a. Since the PLA used here is nearly amorphous, the apparent crystallinity
in the blends decreases with the addition of PLA. The mechanical properties of the
PBS/PLA blend bars produced by injection molding using a microinjection mold-
ing machine are shown in Figure 4b and c. The tensile strength and modulus of the
blends had no significant changes when the PBS content was below 40%. However,
when the PBS content continued to increase, the tensile modulus decreased sharply
while the tensile strength decreased slightly. Elongation at break of blends increased
with increasing PBS content, reaching a maximum of 356% at a PBS content of
80%. This was attributed to the effect of lower content of PLA as a rigid filler on the
toughening of the blends.
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Figure 3.

(a§ Plots of the complex viscosity (y*), (b) storage modulus (G'), and (c) loss of crystalline and mechanical
properties of the blends. (a—c) Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license (https://creativecommons.ovg/licenses/by/4.0/) [20]. Copyright 2018, The Authors,
published by American Chemical Society.
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(a) Crystallinity of PBS/PLA blends, (b) Tensile strength, modulus, and (c) elongation at break of the PBS/PLA
blend bars produced by injection molding.
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3.2 Performance characterization of PBS/PLA blends for printed parts

Filaments of different blends were used to print different specimens and models
with an FDM printer (AOD Dreamer, Qingdao Autolay 3D printing Co., Ltd. China).
The printing parameters are listed in Table 3. In particular, all tests were printed with
the platform unheated.

Preprinting experiments were first performed, that is, the appearance of the printed
bars as well as the cross-sectional morphology were characterized. As shown in Figure 5,
the dimensional stability of the PBS/PLA blended bars was good at low PBS content, and a
significant warpage deformation was observed at PBS content higher than 60%. Combined
with Figure 4a and b, it can be seen that this is because the crystallinity of the blends
increased and the modulus decreased as the PBS content increased. Therefore, the print
bars generated a large thermal stress gradient during the layer-by-layer deposition process
leading to an increase in volume shrinkage, which resulted in severe warpage. The warpage
deformation is very detrimental to the FDM 3D printing process, especially for large-area
products, which may lead to print failure owing to the detachment of the printed part from
the platform. Therefore, the low crystallinity, as well as a high modulus of the raw material,
is essential when choosing a printing material.

Process parameters
Nozzle diameter 0.4 mm
Nozzle temperature 190°C
Printing speed 1.5 m/min
Layer height 0.1 mm
Raster angle +45°/ — 45°
Infill ratio 100%
Table 3.

Printing parameters of PBS/PLA blend filament.

PBS20 PBS40 PBS60 PBS80

Figure 5.

Appearance of the PBS/PLA blend bars prepared by FDM printing. Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0/) [20].
Copyright 2018, The Authors, published by American Chemical Society.
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100.0C ym

Figure 6.

SE%\/I images of cross sections of the FDM-printed bars. (a) PBS20/PLA8o, (b) PBS40/PLAéo, (c) PBS60/
PLA4o0, (d) PBS80/PLA20, and (e) PBS100. (a—e) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.ovg/licenses/by/4.0/) [20]. Copyright 2018, The
Authors, published by Amevican Chemical Society.

SEM images of cross sections of the FDM-printed bars are shown in Figure 6. The
cross-sectional morphology after brittle fracture by liquid nitrogen shows that there
are more obvious pores between the layers as well as the filaments at lower PBS content.
The interlayer interface was gradually blurred when the PBS content was higher than
60%. This is owing to the lower viscosity and better flowability of the blends at higher
PBS content (Figure 2a), which results in better interlayer interface bonding. PBS40/
PBS60 was selected for the subsequent study considering the appearance, cross-section
of the printed bars, the crystallization, and rheological properties of the blends.

From the above results, it can be inferred that the bonding of the interlayer
interface is closely related to the viscosity of the melt. The main factor affecting the
melt viscosity is the temperature. Therefore, the effect of temperature on the melt vis-
cosity of the blends was further investigated. Figure 7 shows the zero-shear viscosity
of the PBS40/PLA60 blends at different temperatures. The zero-shear viscosity of the
blend melt was below 1000 Pa-s and no longer decreased significantly above 190°C.
The melt viscosity increased sharply when the temperature decreased from 190 to
160°C, which is detrimental to the printing process. Higher melt viscosity may clog
the nozzle and cause underfilling, thus affecting the performance of the printed part.
Therefore, the optimal printing temperature range is 190-230°C.

After determining the printing temperature window, the interlayer bond strength of
the blends was further investigated at different printing temperatures. Table 4 shows
the tensile strength of the vertically printed samples at different printing temperatures
and the melt viscosity of the corresponding blends. The interlayer bond strength
decreased with PBS content at the same printing temperature. This is attributed to the
increase in melt viscosity with increasing PLA content, which leads to the formation
of larger interfilament gaps, resulting in a decrease in bond strength. For the PBS40/
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Figure7.

Variation of the zero-shear viscosity of PBS40/PLA60 melt with temperature. Reproduced under the terms of the
CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.ovg/licenses/by/4.0/)
[20]. Copyright 2018, The Authors, published by American Chemical Society.

Blends Printing temperature (°C) Zero-shear viscosity (Pa-s) Tensile strength
(MPa)
PBS100 210 67 25.0+1.2
PBS80/PLA20 210 96 205+13
PBS60/PLA40 210 123 196 +1.1
PBS40/PLA60 190 564 214 +52
PBS40/PLA60 200 438 195+27
PBS40/PLA60 210 262 184 +2.7
PBS40/PLA60 230 130 165+2.7

Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0/) [20]. Copyright 2018, The Authors, published by American Chemical Society.

Table 4.
Interlayer bond strengths of the bars printed from different blend filaments or at different nozzle temperatures.

PLAG60 blend, the melt viscosity gradually decreased as the printing temperature
increased from 190 to 230°C, and the interlayer adhesion strength gradually decreased.
Generally, the decrease in melt viscosity at an increasing temperature is beneficial to
interlayer bonding. The PLA used here is amorphous and has low crystallinity. It is
presumed that the reduction of interlayer bonding may be due to the thermal degrada-
tion of PLA at higher than 190°C. Therefore, for printing materials, it is important to
understand the relationship between material properties, processing, and performance
of printed products, which helps to determine the appropriate printing process and thus
obtain the optimal print product performance.

FDM 3D printing usually requires polymer materials with moderate melt viscosity,
a certain tensile strength and toughness, low coefficient of thermal expansion, and
good adhesion properties, as shown in Figure 8. From the point of view of polymer
properties, it is necessary to select polymer materials that are suitable for the print-
ing conditions. In practice, it is the melt viscosity, volumetric shrinkage, warpage,
modulus, strength, interlayer bonding, and other properties of raw materials and
the printed product that determine whether the material can be used in 3D printing.
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Figure 8.
Factors influencing the performance of FDM 3D printed products.

In addition, process parameters, such as nozzle temperature, platform temperature,
printing speed, infill density, etc. are also important.

4. Pellet extrusion 3D printer based on micro-screw

Among biodegradable polymers, polyhydroxyalkanoates (PHAs) have attracted
significant attention as a promising new family of sustainable polymers that are
biobased and biodegradable in natural environments, with adjustable mechanical and
physical properties [22]. PHAs are stable with respect to moisture and air exposure as
they require an active microbial environment for degradation. Among various PHAs,
the most common one, polyhydroxybutyrate (PHB), is brittle and hard. To solve the
shortcomings, it can be copolymerized with an appropriate amount of 3-hydroxyva-
leric acid (HV) monomers to improve the toughness. The melting point of the
corresponding copolymer decreases with increasing HV fraction. Unlike polyolefins,
some PHA melts have low thermal stability. Studies have shown that the molecular
weight of PHAs may decrease during processing due to random chain scission [23].

PHA has a relatively high crystallinity like conventional polymers, such as
polyethylene (PE) and polypropylene (PP). However, compared with commercial
thermoplastic materials, it also has disadvantages such as higher cost and narrow
processing window. Many studies have been conducted to modify product properties
by blending PHA with PLA, improving its mechanical strength and customizable
biodegradability [24, 25]. Wood is a natural organic material widely used in the form
of sawdust, ground into smaller parts, or fine wood flour (WF) [19, 26]. Through the
melt blending of WF and PHA, costs are reduced. In addition, the presence of wood
filler can provide nucleation sites to promote rapid polymer crystallization from the
melt, overcoming the slow crystallization of PHAs, which is a marked limitation for
practical applications [23].

However, difficulties in preparing the filament and the feed section of biodegrad-
able composites [27, 28] have limited the application of FDM for filament extrusion.
Despite these difficulties, the inherent anisotropy of crystalline biodegradable
composites can lead to a warpage of the printed part and thus prevent the print from
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Figure 9.
Diagram of plunger and screw extrusion nozgzles in FDM.

being completed. Therefore, FDM technology must be combined with traditional
manufacturing techniques. FDM-based technology has developed two main types

of structured print nozzles. As shown in Figure 9, one incorporates a screw nozzle
design and the other a plunger nozzle. The screw nozzle is commonly used for
industrial and biomedical printing applications, while the plunger is commonly used
for applications such as food or clay printing.

In the case of plunger extrusion FDM technology, during the extrusion process,
formulated “ink” are loaded into a cylinder (extruder) and the force generated by the
hydraulic piston extrudes the “ink.” Successive layers are deposited by guiding the
cylinder to a specific point on a predetermined three-dimensional model. However,
plunger extruders cannot print continuously due to the limited volume within the
cylinder. Previous studies [26, 29, 30] have also shown that the deposited products
suffer from underfilling and poor accuracy, so plunger extrusion cannot be used for
fused deposition molding of biomass composites.

Therefore, this section describes a micro-screw extrusion AM system suitable for
the printing of fully biodegradable composites [31]. Specifically, it covers the design
of micro-screws for different types of materials (crystalline and noncrystalline mate-
rials), the preparation of wood flour-filled polyhydroxyalkanoate (PHA) composites,
and the elaboration of the relationship between materials properties, device design,
and printed part performance [32].

Figure 10 shows the process diagram for micro-screw-based FDM 3D printing of
WEF/PHA composites. The dried PHA pellets were premixed with WF in the propor-
tions listed in Table 5 and then extruded in a twin-screw extruder in melt blending.
The obtained WF/PHA composite pellets are pulverized and used directly for print-
ing on a micro-screw 3D printer. The relationship between material properties, equip-
ment and process parameters, and printed product performance was investigated.
Combining traditional processing techniques with 3D printing increased the variety
of printable materials and the depth of processing, thus providing a reference for the
development of new 3D printing materials and equipment.

4.1 Micro-screw extrusion-based FDM system

A schematic diagram of the proposed micro-screw extrusion FDM 3D printer
is shown in Figure 10, which consists of a micro-screw extrusion system, motion
system, and control system. The fully biodegradable composite was extruded into
a 0.1-3 mm filament by a micro-screw extrusion device and then deposited on the
printing platform by an AM system based on FDM technology to realize layer-by-
layer stacking and shaping.
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Micro-screw extrusion system. (a) 3D and cross-sectional views of the micro-screw extrusion system, (b) a
schematic diagram of two types of screws and an auger, and (c) notations for screw geometry. (a—c) Adapted with

permission [31]. Copyright 2021, Elsevier.

Figure 11a shows a three-dimensional view and cross-sectional view of the micro-
screw extrusion system. The micro-screw extrusion system consists of a planetary
reduction stepper motor, motor base, hopper, X-base slider, barrel, micro-screw,
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heating block, and brass nozzle. The micro screw is driven by a stepper motor at one
end and the other end penetrates the hopper into the barrel. The micro screw extrusion
is, therefore, fed continuously and forcibly without feeding difficulties compared with
filament extrusion. Three heating zones on the outside of the barrel allow the material
to be completely molten. The micro-screw drives the material in the extrusion direction
to obtain a stable extrusion pressure, which improves the melt plasticization quality and
improves the performance of the 3D printed product. Overall, micro-screw extrusion
3D printing can achieve higher melting and printing efficiency than filament extru-
sion FDM 3D printing, resulting in continuous and stable printing. Figure 11b shows
two types of screws designed according to the material properties and the 3D printing
process, as well as the conveying-only auger used for comparison. For the conventional
screw design, the gradient screw is suitable for amorphous polymer processing, while
the abrupt screw is suitable for crystalline polymer. Figure 11c shows the specific
parameters of the screw structure. In order to achieve excellent nozzle dynamics [33],

a screw diameter of 6 mm, an L/D ratio of 26, and a compression ratio of 2.9 were
designed. The ratios of the feeding, compression, and metering section lengths of the
gradient screw and abrupt screw were 8D:11D:7D and 12D:4D:10D, respectively.

4.2 Rheological properties of WF/PHA composites

Investigating the rheological properties of raw materials prior to micro-screw
extrusion 3D printing can help to optimize the printing process and thus improve the
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Rheological properties of neat PHA and WF/PHA composites: (a) stovage modulus, (b) loss modulus, (c) complex
viscosity, and (d) MFR. (a—d) Reproduced with permission [31]. Copyright 2021, Elsevier.
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performance of the printed product. The properties of 3D printed materials require,
on one hand, sufficient fluidity to ensure adequate bonding to the previous layer after
deposition and, on the other hand, sufficient melt strength to ensure shape stability.
Figure 12 shows the rheological properties of neat PHA and WF/PHA composites.
WEF is often used as a filler to improve the dimensional stability, rigidity, and heat
resistance of the matrix resin and is widely used in the processing of wood-plastic
composites. As a result, the modulus of WF/PHA composites increased compared
with neat PHA. Furthermore, Figure 12a and b shows that the loss modulus (G")

of neat PHA and the composite is higher than the storage modulus (G'), exhibiting
typical viscoelastic properties. The complex viscosity(n ) of the composites increased
with the WF content, as shown in Figure 12c. Furthermore, the shear thinning

effect of the composites was stronger with the increase in WF content, indicating an
improved processing range of the composites. Figure 12d shows the MFR of the neat
PHA and WF/PHA composites. The fluidity of the composites decreased with the
increase in WF content. This is consistent with the results of viscosity in the rotational
rheology test, where the increased WF content in the composite impedes the move-
ment of the polymer chain segments, thus reducing fluidity.

4.3 Stability of extrusion flow rate and analysis of pressure-building capacity

The extrusion stability and pressure-building capability of screw extrusion 3D
printers are closely related to screw design and composite rheological properties.
Figure 13a and b presents extrusion stability curves of neat PHA and WF/PHA
composites extruded at various nozzle temperatures and different screw speeds.
The effect of screw speed on the extrusion output (Q) was more significant than the
effect of temperature. At the same temperature, the Q of the WF/PHA composites
decreased as the WF content increased, which is consistent with the rheological test
results. For micro-screw extrusion, the Q of neat PHA was not sensitive to tem-
perature. This indicates that the screw working characteristic was not suitable for
neat PHA. The Q of WF/PHA composites was stable at 190°C and did not increase
significantly at higher temperatures. The discontinuity defect shown in Figure 13a
appeared above 200°C, which was caused by partial degradation of the WF at higher
temperatures. The Q of WF/PHA composites was linearly related to the screw speed
at the same temperature. This is essential for controlling Q by screw speed and thus
regulating the performance of the printed product.

Figure 13c shows the melt pressure of neat PHA and WF/PHA composites with
various WF contents at different screw speeds. The SEN-PT series of the miniature
pressure sensor (accuracy +1%FS, mounting thread size M14*1.5) was adopted to
measure the melt pressure at different screw speeds. The melt pressure signal can
be output via the accompanying digital display instrument and monitored online in
real-time and recorded when the melt pressure data is stable. Because Q increased
with increasing screw speed, the melt pressure of neat PHA and WF/PHA composites
increased with increasing screw speed. The melt pressure of WEF/PHA composites
decreased with increasing WF content at the same screw speed. The determining
factor for melt pressure is actually the amount of melt built-up in the nozzle chamber
and is, therefore, related to Q. As Q decreased with increasing WF content, the cor-
responding melt pressure also decreased.

It is worth noting that the rheological characteristic curves of neat PHA and
10WEF/PHA in Figure 12a—c largely overlap, but neat PHA is unable to complete
printing due to warpage and underfilling (Figure 13d). This is because the addition
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Extrusion stability curves of WF/PHA composites extruded at (a) various nogzle temperatures and (b) different
screw speeds. (c) Melt pressure of neat PHA and WF/PHA composites with various WF content at different screw
speeds. (d) Printing defects of neat PHA and WF/PHA composite samples printed by micro-screw and auger.
(a—d) Reproduced with permission [31]. Copyright 2021, Elsevier.

of WF filler increased the modulus of the PHA as well as the Q. Moreover, the melt
pressure curve also shows that the melt pressure of 10WF/PHA is much higher than
that of neat PHA. Combined with the picture of the WF/PHA composite samples
printed by micro-screw and auger under the same printing parameters in Figure 13d,
the results show that the pressure-building capacity of the micro screw has a positive
effect on the resistance to warpage.

4.4 Performance of micro-screw extrusion 3D printed WF/PHA composites

4.4.1 Effect of WF content and different vaster angles on the mechanical properties
of WF/PHA composite

As PHA is a semicrystalline material, an abrupt screw was used to investigate the
effect of WF content and different raster angles on the mechanical properties of the
product. The specific printing parameters were: nozzle temperature of 190°C, layer
thickness of 0.3 mm, printing speed of 15 mm/s, nozzle diameter of 1 mm, and 100%
fill percentage. As shown in Figure 14, the impact, tensile, and flexural strengths of
the composite decreased with increasing WF content, while the modulus increased
significantly. This is due to the increased stiffness of the WF/PHA composites caused
by the addition of WF. Furthermore, the stress-strain curves of the composites
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Mechanical properties of printed WF/PHA composites with various WF contents and different raster angles: (a)

impact strength, (b) tensile stress-strain curves, (c) tensile strength, (d) tensile modulus, (e) flexural strength,
and (f) flexural modulus. (a—f) Adapted with permission [31]. Copyright 2021, Elsevier.

exhibited typical brittle fracture, which can also be verified by the cross-sectional
morphology of the composites in Figure 15. In addition, raster angles have a signifi-
cant effect on the mechanical properties of the composite, with the 45°/—45° print
direction having the best mechanical properties. As can be seen in Figure 15, this is
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Figure 15.
(a—j) SEM images of the fractured cvoss-section of WF/PHA composites, and (k) density of neat PHA and WF/
PHA composites. (a—k) Reproduced with permission [31]. Copyright 2021, Elsevier.

and 90° raster angles, as verified by the fact that the WF/PHA printed at 45°/—45°
has the highest density in Figure 15k. However, the difference in mechanical proper-
ties of the composites with different raster angles decreased with the increasing WF
content. This further supports the role of WF in improving the printability of PHA
and reducing anisotropy.

4.4.2 Effect of screw structure on the mechanical properties of WF/PHA composite

Screw structure influences the performance of the printed product mainly by
affecting the plasticizing quality and the extrusion output. Therefore, the difference
in Q between the two screws at different screw speeds was first compared and the
results are shown in Figure 16a. The Q of the gradient screw was higher than that
of the abrupt screw at screw speeds below 13 r/min. The difference between the two
types of screws is mainly in the length of the three sections of the screw (Figure 11b),
while the Q of the single screw depends on the metering section. The metering section
of the gradient screw is shorter than that of the abrupt screw and conveys the melt
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(ag, Extrusion output for two screws at different screw speeds, (b) Mechanical strength, (c) modulus, (d) density,
(e) surface quality, and (f-g) SEM images of samples printed by two kinds of screws. (b-g) Adapted under

the terms of the CC-BY Creative Commons Attribution 4.0 Intevnational license (https://creativecommons.org/
licenses/by/4q.0) [32]. Copyright 2021, The Authors, published by MDPI.

much more efficiently, resulting in a higher Q for the gradient screw. The higher Q
results in a denser sample build-up, so the mechanical properties of the bars printed
by the gradient screw were higher than those printed by the abrupt screw. This can be
verified in Figure 16d—g, where the gradient screw-printed samples were denser than
those of the abrupt screw, and the sample surface was uneven due to over-extrusion,
while the abrupt screw printed samples had more porosity in the cross-section. This
can be verified in Figure 16d-g: the densities of the samples printed by the gradient
screw are higher than those of the abrupt screw; the surfaces of the samples printed
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by the gradient screw are uneven due to over-extrusion; and the cross-sections of the
samples printed by the abrupt screw have more porosity.

The performance of micro-screw extrusion 3D-printed products is influenced in
many ways by material properties, process conditions, and equipment parameters.
Establishing a process-structure-performance relationship is, therefore, essential for
choosing 3D printing material and design of equipment.

5. Conclusions

3D printing technology has shown rapid diversification in recent years and has
unique advantages in the innovative manufacturing of customized products. To
achieve the goal of green and sustainable economic development, combining 3D
printing with biodegradable materials will not only broaden the range of methods for
forming biodegradable products but also enrich the range of environment-friendly
materials available for 3D printing.

In filament extrusion FDM, a promising biodegradable polymer blend PBS/PLA
was formulated, which combined the advantages of high modulus and low warpage
of PLA with the toughness of PBS. PBS60/PLA40 and PBS40/PLA60 blends have a
better appearance, less warpage, and higher dimensional accuracy and can be used as
an alternative to PLA for FDM 3D printing.

For pellet extrusion FDM, we have solved the problem that WEF/PHA composites
cannot be used in 3D printing owing to difficulties in filament extrusion by design-
ing new 3D printing equipment. The micro-screw extrusion 3D printing device is
characterized by wide material adaptability, high printing efficiency, and low cost.
The printability of the composite material was evaluated by testing the extrusion
flow rate stability and the pressure-building ability of the micro-screw extru-
sion device. The effects of material properties, equipment structure, and process
parameters on the performance of printed products are explored. The process-
structure-performance relationship of micro-screw extrusion 3D printing is further
illustrated.

Searching for new biodegradable polymers that can be 3D printed is still in
progress and will greatly widen the application of FDM-based 3D printing in both
industry and our daily life.
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Application of Three-Dimensional
Printing in Surgical Planning for
Medical Application

Wei-Ling Chen, Tsung-Lung Yang, Jieh-Neng Wang
and Chung-Dann Kan

Abstract

Three-dimensional printing (3DP) is an evolving technology with a wide range of
medical applications. It complements the traditional methods of visualizing the car-
diovascular anatomy and assists in clinical decision making, especially in the planning
and simulation of percutaneous surgical procedures. The doctor—patient relationship
has changed substantially, and patients have become increasingly aware of their rights
and proactively make decisions regarding their treatment. We present our experience
in using 3DP for aortic repair, preoperative surgical decision making for congenital
heart disease, and simulation-based training for junior vascular surgeons. 3DP can
revolutionize individualized treatment, especially for congenital heart disease, which
involves unique anatomy that is difficult to examine using traditional computed
tomography. As cardiovascular medicine and surgery require increasingly complex
interventions, 3DP is becoming an essential technology for surgical instructors and
trainees, who can learn to become responsible and humane medical doctors. 3DP will
play an increasingly crucial role in the future training of surgeons.

Keywords: doctor—patient relationship, patient-specific geometry, three-dimensional
printing (3DP), surgical decision making, personalized 3D-printed cast

1. Introduction

A thorough preoperative evaluation of anatomy and proper surgical planning
are essential to successful operations. Clinicians must be able to assess the patient’s
anatomy to quickly make surgical plans and provide information to reduce surgi-
cal risk and operating time [1]. However, the availability of imaging modalities
(computed tomography [CT] and magnetic resonance imaging [MRI]) and the cost
of technology affect the acquisition of information and images for surgical plans.
Clinicians can usually rely on their experience and two-dimensional (2D) medical
imaging to guide their decision-making process. Although three-dimensional (3D)
postprocessed images improve upon traditional 2D image sets, they usually do not
provide sufficient information for surgical simulation. Medical 3D printing (3DP)
is a rapidly advancing technology that can provide innovative solutions to problems
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in preoperative planning [2, 3]. The doctor—patient relationship may change sub-
stantially as patients become increasingly aware of their rights and proactively make
decisions about their treatment; medical 3DP can help patients select their treatment
from the available options [4]. Surgeons’ decisions may sometimes be questioned.
Therefore, surgeons must inform patients and their families about treatments, the
process of the operation, and the pros and cons of the operation to help patients select
their desired treatment method.

Because of considerable improvements in surgical intervention and the
development of endovascular stent grafts since 2000, the use of 3DP for surgical
planning may reduce surgical risk and improve outcomes and the doctor—patient
relationship. Before any examination or surgery, clinicians should discuss the risks,
benefits, and alternatives with patients. Although informed consent is integral
to high-quality medical practice, doctors should advise their patients of all risks;
negligence during this process can lead to a breakdown in the doctor—patient rela-
tionship [5-10]. However, this represents a challenge for many providers of health-
care services. Fortunately, 3DP has improved surgical processes and the quality
of information on which patients may base their consent. However, the following
limitations remain [11, 12]:

1. Accurate image capture by transthoracic echocardiography, MRI, and CT is es-
sential for 3DP.

2.Risk scores are suboptimal for individuals with anatomical diversity or unique
traits because they provide population estimates rather than patient-specific
estimates, even though risk scores represent all potential variables.

3. Complex disorders make imaging, therapy, and intervention more challenging,
which has an impact on the results.

The following chapters discuss clinical applications of 3DP in medicine, including
a wearable orthopedic brace that can monitor vascular access stenosis dysfunction;
the use of 3DP to enable zone zero thoracic aortic endovascular repair for ascend-
ing aorta disease; a case report of surgical planning for congenital heart disease;
a simulation-based training program for junior vascular surgeons; and additional
clinical cardiovascular applications.

2. History of 3D printing in clinical application

The term “3D printing” has come to refer to a group of related manufacturing
processes that use digital data to produce physical models. In the broad spectrum of
additive manufacturing techniques now used in the industry, 3D printing stands out.
The term refers to the procedure through which a three-dimensional physical object
is created from a digital model [13]. Nowadays, 3D printing technology represents
an opportunity to help pharmaceutical and medical companies create more specific
drugs, enabling rapid production of medical implants and changing how doctors and
surgeons plan procedures [1]. In addition, 3D printing can significantly improve the
research knowledge and skills of the new generation of surgeons. Improving patient
and surgeon relationships [14] and medical applications was initially reported in the
early 2000s [15]. Initially, these reports focused on custom prostheses [16], but as the
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technology improved, reports of using anatomic models for preoperative planning
began appearing [17]. The recent rapid growth of 3D printing in medicine has been
staggering. Specifically, the anatomic data radiologists receive and interpret daily
can be used in 3D printing to provide tailored medication. Offering such a service
could be a method for radiology to show its worth in in-patient treatment and a new
avenue for interaction with referring clinicians. Moreover, radiologists have seen the
development of medical imaging that enables 3D printing. CT and MRI’s multipla-
nar imaging led to 3D reconstructions, which enhanced the assessment of intricate
anatomy [18-20]. As described, 3D printing transfers digital image data from a flat-
screen into the physical world’s third dimension [20].

Yearly, the scope of applications for 3D printing in the medical field broadens,
making it possible to save lives and improve quality of life in ways that were previously
imagined. In point of fact, three-dimensional printing has been put to use in a wide
variety of medical specialties, including cardiothoracic surgery, cardiology, gastroen-
terology, gastroenterology, neurosurgery, oral and maxillofacial surgery, orthopedic
surgery, plastic surgery, podiatry, pulmonology, radiation oncology, transplant
surgery, urology, and vascular surgery [21-34].

Below we list some of the most prominent direct uses of 3D printing in the clinical
and medical arena [35-37]:

1. Integrating clinical and imaging data will be an integral part of the multi-step
process that will determine the optimal treatment choice via personalized pre-
surgical planning.

2. 3D-printed models educate medical students, residents, and patients.

3. Lowered expenditures associated with healthcare, shorter hospital stays after
surgery, and fewer cases requiring further medical attention are all benefits.

4. With 3D printing, it is possible to choose the precise dimensions of prosthetic
parts before implantation.

5. 3D printing may make personalized implants or surgical guidance and devices
for specific procedures.

6. To follow a pharmacological treatment, 3D printing helps invalidate the results
achieved by the patient.

7. The viability and efficacy of a cardiovascular system in preventing and treating
peripheral and coronary artery disease.

8. Patient education: patients may not fully understand 2D images (CT or MRI)
representation of a 3D anatomy. Therefore, 3D printing may improve doctor-
patient communication by showing the anatomic model directly.

9. Boosting medical training using 3D-printed models of individual patients,
which may improve outcomes and facilitate quick comprehension.

10. Bioprinted by pharmaceutical industries to replace animal models for analyz-
ing the toxicity of new drugs.
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3. 3D printing methods
3.1Image acquisition modalities

Surgical outcomes depend on experience and technical skills. However, outcomes
and operative times can be improved if anatomical information is acquired before sur-
gery. MRI, CT, and echocardiography enable clinicians to obtain valuable information
regarding the physiology and structural details of patients with cardiovascular dis-
ease. 3DP analysis software can help inform less-experienced surgeons. For example,
the Mimics Care Suite (Materialize, Leuven, Belgium) is medical software that offers
an effective and efficient method of evaluating stent appositions by using 3D imaging.
Advances in 3DP technology have enabled clinicians to examine 3D structures in pre-
operative planning [38]. 3D Slicer is free, open-source, extensible operating software
for medical image visualization and computation (wwwslicer.org). 3D Slicer supports
CT, MR, positron emission tomography, X-ray, and ultrasound images [3, 38, 39].

3D models can be viewed from any angle. In preoperative planning, 3D models
can be used to determine the proper location for an endograft and reduce surgical
risk. Surgeons can apply the detailed anatomical information provided by 3D models
to solve critical problems. Surgeons can also use 3D models to accurately determine
the location of a pseudoaneurysm lumen and whether an aneurysm entrance may be
covered by a stent during thoracic endovascular aortic repair [40-43]. 3DP software
can also facilitate stent sizing. We used 3D Slicer to create an STL file for 3DP.

3.2 Methodology- creating an STL file for medical printing using 3D slicer

Cardiovascular images were obtained from contrast-enhanced CT scan data in
accordance with standardized scanning protocols [44]. These CT images were used to
build an STL package. 3D Slicer has function that exports reconstructed 3D images as
STL files for 3DP. Figure 1 shows the 3D printing framework: first, gather CT or MRI
pictures of the patient; second, import DICOM images of the scanned component
into the 3D Slicer; third, model generation; fourth, construct a printable 3D model;
and fifth, print 3D objects.

3.3 CT with digital imaging and Communications in Medicine file format as the
standard for storing images

Digital Imaging and Communications in Medicine (DICOM) is the most widely
used standard for sharing information about medical imaging worldwide. Using

Scan CT of the Patient Model generation 3D printed Parts

N
2 Slicing and o
STL File Printing

Creation of printable
31 model

DICOM
3D Slicer imports DICOM
images of the scanned part.

Figure 1.
3D printing framework. (A) Gather CT or MRI pictures of the patient (B) import DICOM images of the scanned
component into the 3D slicer (C) model generation (D) construct a printable 3D model (E) print 3D objects.
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DICOM images to print in 3D has become more popular. With the growth of technolo-
gies like medical and imaging engineering, as well as the improvement of hardware
and software and their falling prices, life has become more accessible. For example,
more and more patient-specific 3D models, such as teaching, planning, and simulat-
ing surgery, are used in cardiovascular areas. DICOM image 3D printing uses 2D
pictures stacked on top of each other and then broken up into the data format that the
3D printer needs. DICOM pictures are being split into a 3D computer-aided design
format for intermediate data, which can be used for first-stage processing, like setting
up an ROL. Out of the roughly 100 file formats of 3D CAD data that are used as 3D
native files and intermediate files, STL is the most common format for 3D printing.
There are several commercials (paid) and open-source (free) software tools for con-
verting DICOM images to STL data, and all of them can be run on a regular personal
computer.

After creating a 3D picture, the following phase is to convert it into a mesh struc-
ture for verification before printing. The subsequent step of segmenting the pictures
into regions of interest based on characteristics such as brightness or contrast is a
crucial part of the process. The decision of how to segment a picture can be helped
by virtual rendering. 3D Slicer is equipped with a virtual rendering module for rapid
3D modeling, enabling medical professionals to inspect lesions and see photographs
quickly. On the other hand, virtual rendering models cannot be immediately trans-
formed into the STL format necessary for 3D printing. The segmentation process
can be carried out using a variety of approaches, the most common of which are
completely automatic, semiautomatic, and entirely manual. The segmentation
process is based on the built-in tools available in 3D Slicer for sketching and color-
ing tissue outlines and lesions. Layered structures can be helpful for segmentation
because they enable medical professionals to distinguish tissues and highlight
connections between lesions and neighboring healthy tissues using different colors.
Segmentation may now be finished more rapidly as a result. 3D Slicer may also be
used to do this.

The software that can be used to segment images and the software that creates STL
files from DICOM data differ. Therefore, the characteristics of each must be under-
stood (Figure 2).

Step A: The first step requires dragging and dropping the folder containing the
DICOM images onto the 3D Slicer’s welcome window.

Step B: To add layers, users must utilize the Segment Editor. Each Segment
Editor module has a collection of default parameters matching a specific anatomical
component.

Step C: Paint each layer using the paint tool (growing for seeds). The algorithm
makes each seed grow at the same time. Since growth is faster in areas where every-
thing is the same, the lines between segments are where there is a significant change
in image intensity. Therefore, If the wrong segment is grown anywhere, then paint
some more seeds there with the correct segment. Since this usually happens in low-
contrast regions, typically, users need to paint with two colors on both sides of hardly
visible boundaries.

Step D: A preview.

Step E: A new layer must be combined with an existing one using logical opera-
tors, and then the combined layer must be used before moving on to the next step.

Step F: Create 3D-printable vessel walls from contrast-CT volumes. “hollow” has
been added to the Segment editor to create hollow objects from solid objects in a
straightforward step.
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Figure 2.

Computer tomography uses DICOM as the standard format for storing patient images (A) drag and drop the
folder containing your DICOM images onto the slicer welcome window (B) (C) (D) “segment editor” modules
have a series of presets for different anatomy structuves. (E) Using a new layer to join the layer just done logical
operators. (F) Hollowing (G) ventricular wall (H) smooth tool.

Step G: Create a mask layer. Paint the ventricular wall by using the spherical brush
tool. The primary goal of this step is to make a mask so that paint may be applied
using a spherical brush to the ventricular compartment’s wall.

Step H: Using the smoothing tool, make it even in this step (median, hole closing).

4. Using on-demand, multi-sensor wearable 3d-printed medical device for
hemodialysis patient care

According to the 2020 Annual Data Report of the US Renal Data System, Taiwan
has the highest end-stage renal disease (ESRD) prevalence. HD accounts for about
69% of all renal replacement therapies and 88% of all dialysis worldwide. According
to Taiwan’s National Health Insurance (NHI) Administration, chronic kidney disease
is the most expensive to treat. The National Health Insurance (NHI) annually spends
NT$53,3 billion ($1.8 billion) on hemodialysis (HD) for 87,000 patients, placing
considerable pressure on the healthcare budget. Moreover, almost ninety percent of
Taiwanese patients select hemodialysis as their primary dialysis treatment [45, 46].

Long-term dialysis effectiveness in HD patients depends on preserving
Arteriovenous access (AVA) [47]. The high prevalence of AVF maturation failure
is the first persistent issue in HD patients; AVA patency loss is also prevalent.
Arteriovenous graft (AVG) has a much lower useful life than arteriovenous fistula
(AVF) (AFV). With a combined incidence of 66-73% in AVF and 84% in AVG, steno-
sis, and thrombosis are the primary causes of access dysfunction. Juxta-anastomotic
venous stenosis affects between fifty percent and seventy-one percent of AVAs [48,
49]. For hemodialysis therapy to be deemed efficient, AVA flow rates must reach
between 600 and 1000 mL/min. After continuous use of these methods, pathogenic
alterations occur (e.g., high venous pressure or insufficient blood flow). When the
arterial lumen is decreased by 70%, the stenotic segment must be dilated, or the
intraluminal thrombus must be removed.
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Recent developments in wireless ultrasonography have made rapid scans pos-
sible. Although these devices are not yet suitable for independent professional use
or comprehensive testing of AV operation, they may serve as an alternative, cost-
effective portable device for stenosis identification. Clinicians have tried qualitative
and quantitative investigation of bruits since 1970, resulting in the creation of AVA
dysfunction monitoring devices. However, the sensitivity of present monitoring
equipment varies from 35-80% due to the spectral characteristics of functional and
dysfunctional vascular access [5S0-52]. The audible sound of turbulent blood flow is
known as a bruit. Phonoangiography (PAG), the recording and statistical analysis of
bruits, has been utilized to assess vascular access in HD patients for many decades.
The features of turbulent blood flow induced by a restricted channel are objectively
described by spectral analysis of bruits.

On the other hand, the acoustic approach correctly reflects the directions of
hemodynamic changes related to the turbulence state. From the perspective of
Spencer’s and Reid’s curve [53], if the cross-sectional area decreases by more than
96% or the diameter decreases by more than 85%, the velocimetry may underestimate
the cross-sectional area by 90% or less or the lumen diameter reduction by 70%. To
understand any blood flow velocity, one needs to consider whether it was measured
on the upslope, downslope, or “opposite side” of Spencer’s curve. Therefore, it is
vital to ensure that flow volume and velocity changes correspond. The flow volume
falling to or below 20-30% of the usual flow suggests a greater degree of stenosis than
anticipated. Consequently, combining PAG and flow volume changes may boost the
probability of early and accurate stenosis prediction.

Photoplethysmography (PPG) is a low-cost, non-invasive, and straightforward
optical technology that detects changes in peripheral circulation volume. However,
wearable PPG sensors can only be positioned at specific skin sites. The light source
of a PPG device transmits light to a tissue, and the photodetector analyses the light
reflected from the tissue. The light reflected is proportional to fluctuations in blood
volume. PPG sensors that measure blood flow volume are often powered by an
infrared light-emitting diode (IR-LED) or green LED.

In recent years, several medical institutions have used 3D printing technology
to create personalized external prostheses, surgical guides for implant placement,
simulated implants, and other devices for preoperative planning [45]. In 2018, we
developed a prototype to capture AVA hemodynamic data using AVA-targeted sensors
implanted in a customized 3D-printed cast. In addition, we will request on-duty
nursing personnel to evaluate sensor readings using their stethoscopes qualitatively.
In addition, statistically, we will employ Doppler and grayscale ultrasonography
as the gold standard to determine the AVA stenosis’s ultimate status. In situations
of severe blockage (i.e., 95% occlusion), however, noises may not be heard due to
limited blood flow, resulting in a significant chance of false-negative findings. For
improved and more accurate stenosis diagnosis, we integrated PPG (for detecting
volumetric changes in AV accesses) and PAG (for detecting changing pitch patterns
in AV accesses).

In recent years, the use of 3D printing has expanded significantly. Certain medical
institutions have used this technology to create bespoke external prostheses, surgical
guides for implant placement, simulated implants, and other preoperative plan-
ning assistance. The device’s position is an essential aspect that might influence the
accuracy of PAG and PPG instruments. 3D-printed, multi-sensor, wearable medical
devices are a feasible method for minimizing or eliminating the influence of location.
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Chen et al. combined PPG and PAG sensors to create a wearable device with increased
diagnostic accuracy for detecting AVA malfunction (Figure 3) [54, 55].

5. Surgical predictive plan to assistant the spatial relationship of patient-
specific geometry

5.1 Case 1 effective thoracic endovascular repair in acute type a aortic dissection

Acute type A aortic dissection (ATAAD) is a catastrophic disease. The risk of death
without surgery is approximately 65%; the mortality rate increases by 1-2% per hour
in the first 24 hours. Surgical options are often limited by open interposition grafts
through median sternotomy wounds [56]. The global prevalence of ATAAD ranges
from 5 to 10 cases per 1 million people, and the estimated incidence is approximately
11.9 cases per 100,000 person-years. However, approximately 25% of cases with
ATAAD are considered inoperable [57-60]. Open repair surgery for patients with
critical illness can entail high surgical risks and operative and hospital mortality rates
and long hospital stays. Thoracic endovascular stent graft implantation is an alterna-
tive for patients with certain types of ascending aortic disease who are not suitable for
traditional open surgery.
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Figure 3.

Using on-demand, multi-sensor wearable 3D-printed medical device for hemodialysis patient care.
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In the past two decades, endovascular aortic repair (EVAR) has been successfully
proved and largely used to be a good alternative strategy for abdominal aortic and
descending thoracic diseases. Due to the development of fenestrated and branched
stent-grafts, diseases involving the visceral branches of the descending aorta and even
diseases on the aortic arch have become diseases that can be treated with stent-grafts
[61]. However, there is a fundamental difference between the ascending aorta and the
descending aorta diseases. The ascending aorta is challenged by hemodynamic and
anatomical limitations, especially under the condition of aortic dissection. The geom-
etry of the ascending aorta is greatly affected by the aortic dissection, which leads to
an increase in the diameter of the ascending aorta and loss of structural wall integrity
through delamination. Therefore, it complicates the identification of a stable landing
zone. At present, empirical reports on the endovascular repair of the ascending aorta
are just limited to case series or case reports. Since there is no aortic stent-graft design
specifically for the ascending zone, the FDA has not approved any commercial aortic
stent-graft devices for the ascending aorta [62, 63].

We can try to use computed tomography 3D reconstruction and 3D Slicer software
version 4.13.0 (3D Slicer contributor, http,//www.slicer.org) to help clarify the spatial
relationship of the patient’s specific geometry, and then successfully apply the aortic
stent graft system to treat the type II acute aortic dissection diseased patient. In order
to accurately understand the applicability of the TEVAR devices in patients, we can
also use three-dimensional printing (3DP) technology to reconstruct the real condi-
tion of the specific landing zone (Figures 4 and 5). In this way, we may quickly gain
the goals of early diagnosis and the tasks of meticulous planning, thereby achieving
successful treatment results.

An 88-year-old man suddenly lost consciousness at the scene and was rushed to
the emergency room by emergency medical services. He has a history of hypertension

Figure 4.
(A) Import stereolithography of the patient (B) adjust the object’s orientation (C) set the packing density
parameter (D) view the model with layers (E) print the model.
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Figures.

3D reconstruction and 3D slicer software to reconstruct the 3D image of the aorta; (A) the patient’s final aortic
angiography showed complete coverage of the dissection sac orifice, satisfactory alignment of TEVAR stents, and
no signs of endoleaks (B) with the assistance of computed tomography 3D reconstruction and 3D slicer software,
the operation was completed as smoothly as our preoperative plan.

and infra-renal aortic dissection. An emergency computed tomography (CT) scan

of the head showed no significant findings. However, his chest CT showed a small
amount of pericardial effusion and acute DeBakey type II dissection. An extensive
tear hole lesion originated in the middle of the ascending aorta, and the obvious giant
pseudoaneurysm and hematoma extended down to the coronary ostium and up to the
proximal orifice of the innominate artery. The maximum diameter of the pseudoa-
neurysm of the ascending aorta was measured to 55.6 mm. The sinotubular junction
(STJ) measurement value is 34.6 mm x 31.9 mm. The distance from the edge of the
tear hole at the proximal end of the greater curvature of the aorta to the STJ was

67.5 mm, and the distance from the side of the minor curvature was 38.0 mm. And,
the distance from the edge of the distal tear hole to the innominate artery is 23.8 mm.
The diameter of the possible landing zone at the distal end measured at the level

of the innominate artery is approximately 40.8 x 40.3 mm.

5.2 Case 2 surgical planning for congenital heart disease
5.2.1 Double outlet right ventricle

Most cases of double outlet right ventricle (DORV) present a unique challenge
to congenital cardiac surgeons. The relationships among the ventricles, ventricular
septum, and great arteries can vary in DORYV, and the condition presents a range
of clinical manifestations secondary to changes in infundibular and intracardiac
morphology. The unique spatial arrangement of these structures determines the opti-
mal type of intervention. Although traditional 2D imaging can effectively represent
these structures, the preoperative 3DP of models in case 2 substantially affected the
time to extubation and length of stay in the intensive care unit. Zhao et al. operated
on 25 patients with DORV and studied preoperative 3D-printed models for one-
third of the patients [64]. Although whether these patients were selected randomly
was unclear, cardiopulmonary bypass and cross-clamp times were lower in the 3DP
group; however, these differences were nonsignificant. Significant differences in
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time to extubation and length of stay in the intensive care unit were observed, pos-
sibly suggesting improved surgical outcomes. In our case, a 7-year-old boy presented
with complex congenital heart disease (DORV with a large subaortic ventricular
septal defect [VSD], and d-looping transposition of the great arteries [D-TGA]),
infundibular pulmonary stenosis, had received a modified Blalock-Taussig (BT)
shunt at 6 months of age. His condition was stable after a palliative operation, but

he was admitted for surgical evaluation and intervention after progressive exercise
intolerance and cyanosis. Echocardiography revealed (1) situs solitus and levocardia;
(2) alarge VSD; (3) atrioventricular concordance and ventricular arterial discor-
dance; (4) the aorta and pulmonary trunk arising from the right ventricle (RV)

with the aorta right-anterior to the pulmonary trunk, compatible with D-TGA; (5)
severe infundibular pulmonary stenosis; and (6) left-side aortic arch. Chest CTA
revealed similar findings. Cardiac catheterization hemodynamic data revealed that
aortic pressure was 116/75 mmHg with 90.7% oxygen saturation (Sa0,), superior
vena cava (SVC) pressure was 8 mmHg (mean) with 78.5% SaO,, inferior vena cava
(IVC) pressure was 9 mmHg (mean) with 80.6% SaO,, right atrium (RA) pressure
was 8 mmHg (mean) with 80% Sa0O,, RV pressure was 119/12 mmHg with 82.2%
Sa0,, and pulmonary artery (PA) pressure was 12/2 mmHg (mean) with 84.1% SaO,.
Our surgical plans were total cavopulmonary connection (TCPC) or physiological
biventricular repair (VSD patch repair with an intracardiac tunnel or right ventricu-
lar outflow tract reconstruction with RV-to-PA valved conduit [Rastelli operation]).
We used CTA data for surgical simulation through 3DP (Figure 6). The 3DP analysis
indicated that physiological biventricular repair with left BT shunt ligation was most
feasible for the patient. The surgical procedure was conducted as planned, and the
results were satisfactory. Currently, the patient’s condition is stable. He has received
regular follow-up in the outpatient clinic for 2 years and does not require further
intervention.

Figure 6.

Congenital heart for surgical planning; (A) 3D printing (B) cutting the 3D model for surgical planning (C) (D)
(E) ventricular wall (F)3D dimensional printing congenital heart (G) (H) reconstruct the real condition of the
congenital heart.
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6. Transposition of the great arteries (TGA)

A 10-year-old girl presented with complicated congenital heart disease, situs
inversus, levocardia, a large VSD, an atrial septal defect (ASD), and corrected
transposition of the great arteries with pulmonary atresia. She had received a right
modified BT shunt at 1 month of age and a left modified BT shunt at 3 years of age.
Her condition stabilized after these palliative operations, but she was admitted for
surgical evaluation and intervention because of progressive exercise intolerance
and cyanosis. Echocardiography revealed (1) situs inversus and levocardia; (2) a
large type II VSD with a bidirectional shunt; (3) atrioventricular discordance and
ventricular arterial discordance, with the aorta right-anterior to the atretic PA;
and (4) right aortic arch with patent bilateral BT shunts and bilateral SVCs. Chest
CTA revealed similar findings. Cardiac catheterization hemodynamic data revealed
that aortic pressure was 106/58 mmHg, SVC pressure was 9 mmHg (mean) with
75.1% Sa0,, IVC pressure was 9 mmHg (mean) with 79.1% SaO,, RA pressure
was 8 mmHg (mean) with 78.4% SaO,, RV pressure was 87/14 mmHg with 88.2%
Sa0,, left atrium pressure was 9 mmHg (mean) with 99.9% SaO,, LV pressure
was 93/14 mmHg with 85.5% Sa0O,, and PA pressure was 16 mmHg (mean) with
93.4% Sa0,. Our surgical plan involved TCPC, physiological biventricular repair
(morphological LV-to-PA valved conduit), and physiological biventricular repair
with anatomical repair (double [arterial plus atrial] switch). We used the CTA data
for surgical simulation through 3DP (Figure 7). We discovered that physiological
biventricular repair with VSD and ASD repair was the most feasible option for this
patient. The position for the bilateral BT shunt was identified using the 3D-printed
anatomical structure, facilitating identification of the structure and adhesion
tissue during surgery. The surgical procedure was conducted as planned, and
the results were satisfactory. Currently, the patient’s condition is stable. She has
received regular follow-ups in the outpatient clinic for 2 years without requiring
further intervention.

Figure7.
Surgical planning in medical application; (A) (B) (C) (D) 3D printing for congenital heart, (E) ventricular
septal defect (VSD), (F) BT shunt, (G) 3D printing model.
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6.1 Training scenario: simulation-based training increases training efficiency for
young surgeons

Simulation has been widely used in various surgical training programs for
laparoscopic surgery, virtual aortic stent graft procedures, and ultrasound to allow
surgeons to practice advanced surgery procedures and acquire new skills [6-8].
Various simulation platforms can be used. Anatomical simulations and presurgical
planning may improve surgical results and patient safety, and 3DP can improve both.
3DP can provide anatomical information and a visualization of structural relation-
ships. It can also be used to create a model of a patient’s anatomy. We inserted silicone
tubing into a printed leg structure to simulate arteries and veins and instructed
participants to perform vascular exploration and anastomosis in deep and difficult-
to-access areas [1-3]. We used a previous training plan to evaluate the results. A
total of 28 students participated in the training course and completed a question-
naire. Most of the participants came from one of three job categories; 75% worked
in medical centers, 58.3% were attending surgeons, and 66.6% had less than 5 years
of working experience. The effect of the course was evaluated on the basis of the
participants’ perceptions of their disease familiarity, confidence, and competence, all
of which improved significantly (p < 0.001). The effect on young surgeons was more
substantial than that on attending surgeons. However, trainees from nonmedical
centers progressed further than did trainees from medical centers. A total of 95.4% of
the participants were satisfied with the course [6].

7. Discussion

3DP and fast prototyping have been used in the medical field since the early 2000s
and gradually gained a foothold, possibly because of the widespread use of small,
affordable printing units and advancements in imaging acquisition and postprocess-
ing software [5, 8]. 3D-printed anatomical models created from imaging data are
increasingly valuable in personalized precision medicine. The applications of 3DP in
the medical field can be used for tissue and organ fabrication, prosthetics and implant
production, and anatomical models.

In recent years, many medical institutes are already using 3D printing technology
to fabricate customized external prosthetics, surgical guides for preoperative plan-
ning [45]. We worked out a prototype using AVA-targeted sensors embedded in a per-
sonalized 3D printed cast to collect AVA hemodynamic data. The wearable orthopedic
brace can monitor vascular access stenosis dysfunction. The wearable medical device
incorporated sensors are the PAG sensor for mainly examining vascular pitch patterns
and the PPG sensor for calculating flow volume secondarily as a double-checking of
the AV access status. By monitoring and detecting changes in the frequency spectrum
domain, a new function of the autoregressive (AR) model was introduced to the
PAG-based sensors to identify AVA stenosis and concurrently audit the state of its life
cycle. It alerts hemodialysis patients about AVA malfunction early and urges them to
return [5].

Although 3DP has not been applied as often to aortic surgery and congenital
heart surgery as it has to orthopedic and spinal surgery because of the complexity
and uniqueness of aortic surgery and congenital heart disease, research on 3DP to
improve preoperative surgical planning and medical education for young surgeons is
underway. 3DP can benefit almost all parties involved in patient care. Surgeons can
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use 3DP to improve their understanding of anatomy, preoperatively plan, and simu-
late procedures. 3DP materials may help patients and their families to understand
diseases. Moreover, 3DP may help medical students, trainees at all levels, and nurses
to improve their understanding of certain concepts [3].

We employed DICOM imaging data. DICOM is a standardized image format and
network communications protocol that allows for the interoperable transfer of medi-
cal images and related information among systems. 3D Slicer and 3D modeling can be
used to visualize the aorta before surgery, thereby allowing surgeons to quickly make
surgical plans and offering reference information for determining the appropriate
combination of stent grafts.

Section 5.1 Case 1 demonstrates that TEVAR stents can be used to treat severe
ATAAD. However, because of the complexity of the related anatomical structures and
the technological limitations of current devices, utilizing TEVAR stents for ATAAD
treatment remains challenging. Dorros et al. (2000) demonstrated the feasibil-
ity of treating the ascending thoracic aorta with an endoprosthesis [59]. However,
research on ascending TEVAR has been limited to several single-center clinical trials
and case reports. In addition, the US FDA has not approved any endovascular stents
specifically for the descending aorta [62]. This lack of development may be caused
by anatomical and physiological challenges, such as those presented by the opposing
ascending aorta, the descending anatomy, complex pathologies, and hemodynamic
alterations [60-62].

The use of TEVAR devices designed to treat ascending aortic disease has gradu-
ally become feasible; however, whether ascending aortic disease can be predicted
and how failure can be avoided remain unclear. In the anatomical structure of the
ascending aorta, the greater curvature can be more than 30% longer than the lesser
curvature. In addition, in cases of acute ascending aortic dissection, the diameter
of the ascending aorta can suddenly increase by up to 32% [63]. The size and shape
of commercial stent grafts with fixed diameters and lengths make them incompat-
ible with ascending aortic diseases. The US FDA has yet to approve any commercial
devices designed explicitly for ascending aortic diseases. We used 3DP to visualize
the spatial relationships in patient-specific geometry and treated patients by using a
combination of three stents. However, continued follow-up is required for the evalua-
tion of long-term outcomes.

Case 2 demonstrates the application of 3DP to DORV and D-TGA in surgical
planning for congenital heart disease (Figures 6-8). The heart has a complicated
structure, and congenital heart defects can generate limitless variation in internal and
external elements, often yielding unique and highly complex structures. Therefore,
the precision with which 3DP can model rhythmic structure is essential. Although
comparing the dimensions of a model with those of a digital source image is easy, it
can only confirm that the printing process is accurate in relation to stereolithographic
input data. Therefore, Hoashi et al. tested the accuracy of 3DP by using preserved
cardiac autopsy specimens and discovered that the accuracy was >90% [38, 64].

Surgical residents have novice open surgical skills, limited work hours, short
training programs, numerous endovascular procedures to perform, high costs, and
pressure caused by public expectations. Therefore, basic lectures are insufficient to
prepare students for surgical practice. Every operation requires precision and reli-
ability. Simulation-based training may improve the learning process. The purpose of
such training is to allow for new surgeons to practice operations and build confidence
before surgical procedures and to allow experienced surgeons maintain and refine
their skills.
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Figure 8.

Surgical planning in medical application; (A) (B) (C) 3D printing for congenital heart, (D) (E) 3D model for
surgical planning, (F) (G) 3D printing of heart congenital heart, (H) front side of double outlet right ventricle
(DORV), (I) Back side of double outlet right ventricle, (J) 3D printing model.

Employing 3DP for anatomical modeling based on scan data is increasingly valu-
able in personalized precision medicine. Implantable 3D-printed organs may become
available in the future, reducing waiting times and increasing survival rates. The
development of implantable living 3D-printed organs is also possible [65].
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Chapter12
3D Printing and Airway Stents

Carlos Aravena and Thomas R. Gildea

Abstract

A central goal of an airway stent is to restore patency by preventing restenosis,
holding the tracheobronchial wall, or occluding fistulas. Complications with stents,
however, are frequent and can have grave repercussions. Stents are therefore viewed
as a last resort in cases where other forms of treatment are ineffective. Furthermore,
it is common for people with complex airways to have airway stents that do not fit
them well, which can result in several complications. Three-dimensional printing
technology was developed at the turn of the 20th century. It has been employed in a
variety of applications and has transformed healthcare. This technology has mainly
been employed in respiratory medicine to develop three-dimensional models of the
airways and to make airway splints and prostheses to treat central airway diseases. In
the past ten years, it has transformed and advanced personalized medicine, enabling
the creation of patient-specific stents for people with complex airway diseases. Three-
dimensional printing might be used to create a patient-specific stent that would lessen
risks, enhance the quality of life, and eliminate the need for additional procedures.
This chapter discusses the most recent developments in three-dimensional printing
technology, how they are being used to create airway prostheses to treat complex
airway illnesses and the current body of research that supports their use.

Keywords: three-dimensional printing, 3D-printing, bronchoscopy, airway stents,
patient-specific airway stent, computer-aided design, three-dimensional airway mold,
3D airway mold

1. Introduction

A wide range of benign and malignant illnesses can impact the airway [1]. The
diagnosis and treatment of these disorders rely significantly on bronchoscopy [2].
After non-invasive treatments are found to be ineffective, therapeutic bronchos-
copy attempts to enhance the patient quality of life, reduce symptoms, and provide
significant palliation [1, 3]. Flexible or rigid bronchoscopy (RB) is a procedure that
can deliver a variety of therapeutic modalities, among them stent placement play an
important role [1, 3-6]. Reestablishing patency, preventing restenosis, stabilizing the
tracheobronchial wall, or occluding fistulas are the primary purposes of an airway
prostheses [7, 8].

Stents could be made of metallic wire mesh, silicone, or a combination of these
materials (hybrid), as well as various sizes and shapes [9]. It is typical to experience
complications like migration, granulation, infection, and mucus clogging [7, 10-13].
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Therefore, stents should only be temporary when no other methods can achieve
appropriate and long-lasting patency [5, 14-16].

Because implantation may last long and result in a high rate of complications,
using stents in benign obstructions require caution [14]. Due to the possibility of
excessive complication rates uncovered metallic stents are not recommended for use
in most benign airway diseases [14]. Silicone stents are the most popular choice for
benign conditions [6, 14, 17]. The synthetic substance used to create silicone stents
has a low tissue reactivity and is simple to remove [14, 16].

Unfortunately, there are not many sizes and forms of commercially available
stents (CAS). Sometimes it’s crucial to modify them to enhance fit and performance,
particularly in patients with complicated airway anatomy [18]. This Customization
usually involves cutting and stitching stents together in the operating room and
requires an expert and highly trained doctor [18].

Because of the intricate features of the tracheobronchial anatomy, Three-
dimensional printing (3DP) technology is perfect for creating airway prostheses to
treat difficult conditions. With the help of years of research and development, it is
now possible to produce a patient-specific stent [19-22]. A patient-specific stent may
help decrease risks, shorten healing time, and enhance patients’ quality of life while
alleviating symptoms and avoiding the need for additional bronchoscopies.

Recent research has examined the use of 3DP technology to produce silicone and
hybrid airway prostheses and investigate biodegradable materials and drug-eluting
stents (DES) [23].

This chapter discusses the most recent developments in three-dimensional print-
ing technology, how they are being used to create airway prostheses to treat complex
airway problems, and the body of research that supports their use.

2. Airway diseases and three-dimensional printing

Anatomical modeling of various bodily components for preoperative planning
purposes by surgeons was one of the earliest uses of rapid prototyping techniques in
medicine [24, 25].

In respiratory medicine, 3DP technology has been used, particularly for conditions
of the central airways. In 2013, Tam et al. printed inspiratory and expiratory three-
dimensional (3D) models of the tracheobronchial tree of a patient with airway disease
due to relapsing polychondritis, and they explored the potential use for surgical or
interventional planning and teaching [26].

In a case study published in 2013, Zopf and colleagues described how a biore-
sorbable airway splint was surgically inserted into a newborn’s malacic left main
bronchus [27].

Then, in 2015, George Z. Cheng et al. published the first case study of a
3D-modeled T-tube inserted into a patient’s difficult upper airway. This prosthesis was
made to allow for the three-dimensional reconstruction of the trachea from a com-
puted tomography (CT) scan [28].

To treat a 56-year-old male patient with airway complications of granulomatosis
with polyangiitis (GPA) who required numerous unsuccessful therapeutic bronchos-
copies and multiple commercially and manually customized stents, Thomas R. Gildea
created and implanted the first bronchial patient-specific airway stent (PSS) made
of silicone under Food and Drug Administration clearance for compassionate use in
2016. He did this using CT imaging and 3DP technology [20, 22]. In 2017, Gildea and
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colleagues described the one-year experience of this patient and another with com-
plex airway disease attributable to GPA. Both patients improved their average time
between treatments and stent life following implantation after inserting PSS made
utilizing 3DP technology [20, 22].

Guibert et al. presented a case of a patient with an airway problem following
lung transplantation in 2016; the right airway had dehiscence, a stenotic bronchus
intermedius, and complex morphology. After a 3D airway was built from a CT scan,
and the difficulties were virtually removed, a planned 3D mold was made and used to
create a unique stent. It was successfully implanted with RB [29].

Similar efforts have been made in treating tracheobronchomalacia in adult patients
using 3DP technology [29]. Shan and colleagues recently published their experiences
with hybrid stents that were assisted with 3DP technology to treat malignant airway
obstruction and aerodigestive fistula [30, 31].

3. Airway stents and 3D printing procedures

To make airway stents, many 3D techniques and materials have been employed.

In order to create a 3D reconstruction of the trachea using a CT scan, Cheng and
colleagues employed 3D slicer, a free, open-source, and multi-platform software appli-
cation that is frequently used for medical, biomedical, and related imaging research.
The virtual T-tube was created using Solidworks® (computer-aided design (CAD)
software) then a 3D model was imported, matching his patient’s virtual difficult upper
airway. The silicone customized T-tube was created and put through the tracheostomy
stoma under bronchoscopy supervision [19, 28].

Gildea and colleagues used specialized software created for orthopedic surgery
to transfer the digital imaging from a CT scan (COS Inc., Cleveland, OH, USA). The
airway is turned into a virtual 3D prototype. The ideal stent dimensions, including the
area, diameter, angulation, branching, length, and wall thickness, were defined using
this virtual model of each patient’s anatomy. The doctor creates a virtual depiction
based on clinical requirements by placing spheres in the 3D airway and adjusting
their forms and sizes using the software tools. Using 3DP technology, a mold of the
prescribed stent is created, and medical-grade silicone is then injected into this mold
to create the stent (Figure 1). External studs are inserted after the stent has been
finished, cleaned, and polished to produce a flat surface. The stent is sterilized using
steam sterilization. The stent is then implanted utilizing RB and conventional proce-
dures and instruments [20, 32].

Guibert employed a similar process, creating a virtual 3D mold (VGStudio MAX
software). To create an Ertacetal POM mold, the 3DP (RolandDG MDX 40A) was fed
with the 3D data. This mold was used to create a personalized silicone stent. The stent
is placed during a therapeutic RB procedure [29, 33].

Using CAD software, Shan and associates could recreate 3D representations of the
airway using information from a 64-slice multidetector spiral CT scan (Vitaworks,
Shanghai, China). After different colors were given to the airway and tumor, the
image was transformed into a 3D stereolithographic (STL) file. An airway mold com-
posed of photosensitive polymers was produced using the 3D reconstruction data and
a3DP (RS600, Union Tech, Shanghai, China). The dimensions of the 3D-printed air-
way mold’s area of interest were measured. The temperature-memory nickel-titanium
alloy-covered self-expandable Y-shaped metallic airway stents (Micro-Tech, Nanjing,
China) were then created utilizing the 3D printed airway model as a template.
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Figure 1.

Paft;ient specific silicone stent (PSS) created with 3D printing technology. After a 3D virtual mold of the airway

is created. The physician uses a software placing a series of spheves in the target airway to adjust the dimensions
and make a virtual representation of the PSS. (A) Stent design with spheves. (B) Stent design. (C) Silicone stent.
Picture authoriged by Visionair, Cleveland, OH, USA.

Flexible bronchoscopy was used to evaluate the patient and install the guidewires
before inserting the stents. A stent delivery system was advanced posteriorly out from
the endotracheal tube, and the stent was deployed with fluoroscopy [30, 31].

4. Biodegradable stents

Research is being done on biodegradable stents (BDS) that might temporarily sus-
tain patency in an airway [34]. They may be helpful when temporal stenting is desired
in individuals with benign airway disorders [9]. The prosthetic material must be
biocompatible, release harmless residues as it degrades, be strong enough to maintain
the integrity of the airway, and be durable enough to allow the airway to reconstruct
[34, 35]. Research has been done on several synthetic degradable polymers, including
polyesters containing lactic acid, glycolic acid, dioxanone, caprolactone, polytrimeth-
ylene carbonates, polyanhydrides containing sebacic acid, and polyarylates gener-
ated from tyrosine [34, 36-38]. Studies in animal models showed that, depending
on the polymer employed, stents had a high safety profile, were biocompatible, and
degraded quickly over time [38-40].

According to studies conducted on patients, the BDS is safe and reduce symptoms.
However, several patients might develop cough, mucosal hyperplasia, granulation
tissue, biofilm, expectoration of stent parts after insertion, and other complications
resulting from a lack of radiation force or re-stenosis [41-43].

Related to 3DP and BDS, research has been done on materials that can be directly
printed to create an airway stent. In 2015, Nidah M. Hussain from the University
of South Carolina used 3DP technology to design and print a bioresorbable tra-
cheobronchial stent to investigate potential improvements on existing stents. He
concluded that thermoplastic polyurethane is potentially viable as a biologically
degradable silicone substitute and polycaprolactone is compatible with fused deposi-
tion modeling printing [44].
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With the use of elastomeric polyurethane (EPU), Catherine Wood and colleagues
created a platform for designing and manufacturing 3DP flexible airway EPU stents.
They concluded that the 3D-printed EPU stent performs similarly to silicone stents
after conducting comparison testing [45].

In an in-vivo examination of healthy rabbits, Paunovic et al. reported employing a
digital light 3DP customized bioresorbable stent. The stents were made of biocompat-
ible dual polymer that remained in situ for seven weeks [46].

Because of the potential for quick and direct manufacture, customization, bio-
compatibility, and degradability, these 3DP materials seem promising. However, more
investigation should be done to enhance degradation time, radial force and reduce
problems, particularly re-stenting before it is used in patients.

5. Drug eluting stents

DES have been widely used in cardiology to decrease coronary stent complications
such as re-stenosis or stent thrombosis [47].

The use of stents in central airway obstruction has been related to numerous
complications and looking to reduce adverse events (AEs) rate or to treat airway
obstruction airway-DES research has been ongoing since the last decade [48].

In 2011, Zhu and colleagues randomized different types of stents in 20 rabbits, the
bioabsorbable stents with mitomycin C had the best performance, with less mucus
plugging and airway obstruction [48]. Other drugs have shown to decrease the granu-
lation tissue or scar formation in animal models, such as airway DES with paclitaxel,
sirolimus, methylprednisolone, or cisplatin [49-54].

The potential use of DES in airway diseases is not limited to preventing mucus
plugging or granulation tissue formation. It could prevent stent-related infection,
treat long-term malignant central airway, or manage benign central airway stenosis.
Several chemotherapeutic, anti-proliferative, or antifibrotic agents have been pro-
posed [55].

3DP technology can be used to create a personalized drug-eluting stent.
According to the patient’s need, it could have different polymers and drugs or a
combination to produce a sustained drug release effect and prevent or treat different
conditions [56].

6. 3D printing and clinical research

The number of studies on 3DP and airway stents has grown since 2015. Ten pub-
lications using 3DP and PSS in humans were identified (Table 1) [22, 28-33, 57-59].
Most studies have focused on benign airway conditions such as tracheobronchoma-
lacia, post-radiotherapy airway complications, post-surgical airway complications,
post-transplant airway illnesses, and GPA airways. Silicone was the most used stent
material in benign airway disorders [22, 29, 32, 33, 57, 60, 61]. Malignant central
airway obstruction and malignant aerodigestive fistula have been the subjects of more
recent research. Except for one study, they utilized covered metal stents [30, 30, 58].

To produce the PSS, nine studies reported printing a 3D airway mold (there is no
description in one study). Additionally, Y tracheobronchial or bronchial stents were
the majority. In six studies, Y-bronchial stents or a bronchial branch to the right upper
lobe were made using a 3D mold.
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Improvement in symptoms was observed in all studies (Table 1). Guibert et al.
used 3DP silicone PSS in 10 patients, the majority had post-transplant airway compli-
cations and reported high rates of congruence between the stent and the airway, 80%
improvement in dyspnea (>1 New York Health Association score point gain), quality
of life (>10% increase in VQ11 Chronic Obstructive Pulmonary Disease-specific
quality of life score), and pulmonary function test (>~10% Forced Expiratory Volume
in1second (FEV1) or Peak Expiratory Flow (PEF) increase) [33].

A retrospective analysis of patients who got 3DP silicone PSS at the Cleveland
Clinic was reported by Aravena et al. Interventional pulmonologists completed a
survey and two physicians rated stent-related AEs using the Common Terminology
Criteria for Adverse Events scoring system. Four patients received a total of 13 PSS.
No difference was noted in the loading, positioning, or removal of the PSS in com-
parison to the CAS (p > 0.05). Following the placement of the PSS, bronchoscopists
saw a substantial clinical improvement (p = 0.03). The PSS’s average lifespan was
considerably longer than the CAS’s (300.2 days vs. 124.0 days, p = 0.001) by a large
margin. With PSS, the median time between bronchoscopies was significantly longer
than with CAS (65.6 days vs. 36.6 days, p = 0.004) [57, 61].

In a study by Shan et al., 12 individuals with malignant airway obstruction caused
by lung or esophageal cancer had 13 covered metal PSS implants. Hugh-Jones dys-
pnea scale and Karnofsky performance status (KPS) improvements were reported
(P =0.003 and P = 0.006, respectively) [30].

Regarding the AEs that were portrayed in the different trials. At three months,
Guibert and colleagues reported a 40% complication rate, one patient with a
mucus plug, two stent migrations, and one untreatable cough. Three of them
needed to have their stents removed. One patient experienced distal stenosis at
a lobar level that needed balloon dilatation, and another mucus plug incident
occurred at the end of the four-month follow-up period. There were no life-
threatening problems found [33]. Aravena and associates found that silicone
PSS had less severe migration than CAS (p = 0.0225). The statistical differences
between the two groups did not exist for any other AEs [57, 61]. Shan et al. dem-
onstrated a 50% (6/12) complication rate with coated metal PSS after 5.6 months
of follow-up. Only two patients had significant granulation tissue development,
four patients had mucus blocking, and no patients needed their stents removed or
had migration [30].

7. Discussion

Using any stent is always a last resort in cases of complex benign or malignant
airway diseases. There are several problems associated with stents. Migration, stent
obstruction by either granulation tissue or mucus, and infection are the three most
frequent adverse outcomes of silicone stenting. These disorders can also be interre-
lated [5, 6, 14-18]. Even with non-malignant diseases, many patients still benefit from
long-term palliation despite the risk.

The technical success of the PSS congruence to the complicated airway is high.

It can result in a decline in AEs because fit issues could be responsible for many
stent-related consequences. The migration rate is greater for either too loose or too
tight stents. Excessive pressure from a stent on the airway might cause tissue necrosis
and perforation. An improperly fitted stent may promote granulation at the ends or
result in poor secretion clearance. Additionally, the material used may have clinical
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implications. Even in silicone stents, there are prostheses with a different durometer
and elastic modulus that can have a distinct impact on wall stress.

The benefits could be substantial. Through all the research mentioned, symptoms
have consistently improved. In one study, the lung function test and quality of life
improved [31]. The PSS and CAS were only contrasted in one research. This showed
a longer stent life and longer intervals between treatments, which may be associ-
ated with an improvement in the quality of life for patients with complicated benign
airway diseases who often need several consecutive bronchoscopies to try to achieve
palliation [57, 61].

Improving performance status scale is an important additional finding related to
malignant disorders [30, 31, 58]. It could be linked to decreased adverse events (AEs),
better congruence, and airway obstruction relief, which would aid with symptoms
and possibly enhance clinical performance, allowing for the potential of receiving
oncologic therapy.

Additionally, the 3DP PSS is at least as secure as the CAS. The rate of complications
is comparable, and no problems that threaten life have been reported. The develop-
ment of 3DP PSS with Y-bronchial and Y-tracheobronchial stent shapes, which are
compatible with and suit the intricate airways of those patients, likely contributed to
areduction in migration rate compared to CAS (Table 1) [57, 61].

The PSS may be loaded and inserted using traditional techniques, just like conven-
tional stents [57, 61]. This is crucial since deploying some complex stent designs, such
as the dynamic Y-stent, requires specialized equipment.

The research in 3DP PSS do not have a sufficient sample size to generalize the
application of patient-specific stenting. Many studies are retrospective cohorts or
cases, which are both highly biased. But the early experience has demonstrated
that PSS are highly successful and safe in the palliative treatment of extraordinarily
complicated airway diseases, above all currently available best practices, despite the
small sample size.

8. Future directions

3DP technology is developing fast and will be an important tool for personalized
medicine in patients with complex airway diseases. Research is still being done to
make more advancements. New materials that might be directly printed and bio-
degradable may be preferred when temporal stents are needed [46]. Additionally,
3DP drug-eluting stents might be a feasible therapeutic strategy for avoiding exces-
sive granulation tissue, precluding infections, and managing malignant or benign
obstruction of the airway [23, 62].

We envision the future of 3DP of completely compatible or engineered biological
tissue prosthesis that promotes improvement of the damaged tissue and replace part
of the impaired airway.

9. Conclusion

Over the past few decades, 3DP technology has made significant progress. This
technology has been applied to healthcare for preoperative planning, education,
medical equipment, prostheses, implants, and medical models. Respiratory medicine
is at the forefront of a revolution in personalized treatment by making individualized
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airway stents tailored to the unique requirements of patients with complicated
malignant or benign airway disease. These patient-specific airway stents developed
utilizing 3DP technology can potentially reduce the number of treatments needed and
adverse events (AEs) and improve symptoms and quality of life.

To ascertain the real impact this technology will have on this group of patients,
new research with markedly better methodology will be necessary yet challenging.

Conflict of interest
CA has no conflicts of interest to declare. Visionair is the manufacturer of one of
the Stents created with 3DP technology presented in this review. TRG is the inven-

tor and may be entitled to royalty payments from the company in accordance with
Cleveland Clinic policy.

Author details
Carlos Aravena™ and Thomas R. Gildea®

1 Faculty of Medicine, Department of Respiratory Diseases, Pontificia Universidad
Catdlica de Chile, Santiago, Chile

2 Department of Pulmonary, Allergy, and Critical Care Medicine, Respiratory
Institute, Cleveland Clinic, Cleveland, OH, USA

*Address all correspondence to: caravenal @med.puc.cl

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

296



3D Printing and Airway Stents
DOI: http://dx.doi.org/10.5772/intechopen.110414

References

[1] Mehta AC, Jain P, Gildea TR, editors.
Diseases of the central airways: a
clinical guide. 1st ed. Cham: Springer
International Publishing; 2016:1-383
DOI:10.1007/978-3-319-29830-6

[2] Ernst A, Herth FJF, editors.
Principles and Practice of Interventional
Pulmonology. 1st ed. New York,

NY: Springer; 2013. pp. 1-757.

DOI: 10.1007/978-1-4614-4292-9

[3] Ost DE, Ernst A, Grosu HB,

Lei X, Diaz-Mendoza J, Slade M, et al.
Therapeutic bronchoscopy for malignant
central airway obstruction: Success rates
and impact on dyspnea and quality of
life. Chest. 2015;147(5):1282-1298

[4] Chua AP, Santacruz JF, Gildea TR.
Pulmonary complications of cancer
therapy and central airway obstruction.
In: Mellar P. Davis, Petra Ch. Feyer, Petra
Ortner, Camilla Zimmermann, editors.
Supportive Oncology. 1st ed. W.B.
Saunders; 2011. P. 309-325. DOI: 10.1016/
B978-1-4377-1015-1.00029-1

[5] Aravena C, Almeida FA,
Mukhopadhyay S, Ghosh S, Lorenz RR,
Murthy SC, et al. Idiopathic subglottic
stenosis: A review. Journal of Thoracic
Disease. 2020;12(3):1100-1111

[6] Dutau H, Dumon JF. Airway
stenting revisited: 30 years, the age
of reason? Journal of Bronchology
and Interventional Pulmonology.
2017;24(4):257-259

[7]1 Martinez-Ballarin JI, Diaz-Jimétiez JP,
Castro MJ, Moya JA. Silicone stents in the
management of benign tracheobronchial
stenoses: Tolerance and early results in 63
patients. Chest. 1996;109:626-629

[8] Dumon JF. A dedicated
tracheobronchial stent. Chest.
1990;97(2):328-332

297

[9] Folch E, Keyes C. Airway stents.
Annals of Cardiothoracic Surgery.
2018;7(2):273-283

[10] Ost DE, Ernst A, Grosu HB,

Lei X, Diaz-Mendoza J, Slade M, et al.
Complications following therapeutic
bronchoscopy for malignant

central airway obstruction: Results
of the AQuIRE registry. Chest.
2015;148(2):450-471

[11] Dumon JF, Cavaliere S,
Diaz-Jimenez JP, Vergnon JM, Venuta F,
Dumon MC, et al. Seven-year experience
with the dumon prosthesis. Journal of
Bronchology. 1996;3(1):6-10

[12] Noppen M, Stratakos G, D’Haese J,
Meysman M, Vinken W. Removal of
covered self-expandable metallic airway
stents in benign disorders: Indications,
technique, and outcomes. Chest.
2005;127:482-487

[13] Cancer L, How DT, Photobiol
PJr, etal. Airway stents. Chest.
2003;123(5):1709-1710

[14] Flannery A, Daneshvar C, Dutau H,
Breen D. The art of rigid bronchoscopy
and airway stenting. Clinics in Chest
Medicine. 2018;39(1):149-167.

DOI: 10.1016/j.ccm.2017.11.011

[15] Shapshay SM, Valdez TA.
Bronchoscopic management of benign
stenosis. Chest Surgery Clinics of North
America. 2001;11(4):749-768

[16] Mudambi L, Miller R, Eapen GA.
Malignant central airway obstruction.
Journal of Thoracic Disease.
2017;9(Suppl. 10):51087-S1110

[171 Wood DE, Liu Y-H, Valli¢ E,
Karmy-Jones R, Mulligan MS. Airway



Advances in 3D Printing

stenting for malignant and benign
tracheobronchial stenosis. The Annals of
Thoracic Surgery. 2003;76:167-174

[18] Breen DP, Dutau H. On-site
customization of silicone stents: Towards
optimal palliation of complex airway
conditions. Respiration. 2009;77:447-453

[19] Cheng GZ, Estepar RSJ, Folch E,
Onieva J, Gangadharan S, Majid A.
Three-dimensional printing and 3D slicer
powerful tools in understanding and

treating structural lung disease. Chest.
2016;149(5):1136-1142

[20] Young BP, Machuzak MS, Gildea TR.
Initial clinical experience using 3d
printing and patient-specific airway
stents: Compassionate use of 3d printed
patient-specific airway stents. American
Journal of Respiratory and Critical Care
Medicine. 2017;195:A1711

[21] Alraiyes AH, Avasarala SK,
Machuzak MS, Gildea TR. 3D printing
for airway disease. AME Medical Journal.
2019;4:14-14

[22] Gildea TR, Young BP, Machuzak MS.
Application of 3D printing for patient-
specific silicone stents: 1-year

follow-up on 2 patients. Respiration.
2018;96(5):488-494

[23] Aravena C, Gildea TR. Patient-
specific airway stent using three-
dimensional printing: A review. Annals
of Translational Medicine. 2022.

DOI: 10.21037/atm-22-2878

[24] McGurk M, Amis AA,

Potamianos P, Goodger NM. Rapid
prototyping techniques for anatomical
modelling in medicine. Annals of the
Royal College of Surgeons of England.
1997;79:169-174

[25] Matsumoto JS, Morris JM,
Foley TA, Williamson EE, Leng S,

298

McGee KP, et al. Three-dimensional
physical modeling: Applications and
experience at mayo clinic. Radiographics.
2015;35(7):1965-1988

[26] Tam MD, Laycock SD, Jayne D,
Babar J, Noble B. 3-D printouts of the
tracheobronchial tree generated from

CT images as an aid to management in a
case of tracheobronchial chondromalacia
caused by relapsing polychondritis.
Journal of Radiology Case Reports.
2013;7(8):34-43

[27] Zopf DA, Hollister SJ, Nelson ME,
Ohye RG, Green GE. Bioresorbable
airway splint created with a three-
dimensional printer. The New
England Journal of Medicine.
2013;368(21):2043-2045

[28] Cheng GZ, Folch E, Brik R,
Gangadharan S, Mallur P, Wilson JH,
et al. Three-dimensional modeled
T-tube design and insertion in a patient
with tracheal dehiscence. Chest.
2015;148(4):€106-€108

[29] Guibert N, Didier A, Moreno B,
Mhanna L, Brouchet L, Plat G, et al.
Treatment of post-transplant complex
airway stenosis with a three-
dimensional, computer-assisted
customized airway stent. American
Journal of Respiratory and Critical Care
Medicine. 2017;195(7):e31-e33

[30] Shan Q, Huang W, Shang M,

Wang Z, Xia N, Xue Q, etal.
Customization of stent design for
treating malignant airway stenosis with
the aid of three-dimensional printing.
Quantitative Imaging in Medicine and
Surgery. 2021;11(4):1437-1446

[31] Shan Q, Huang W, Shang M,

Wang Z, Xia N, Xue Q, etal. Treatment
of aerodigestive fistulas with a novel
covered metallic Y-shaped segmented
airway stent customized with the



3D Printing and Airway Stents
DOI: http://dx.doi.org/10.5772/intechopen.110414

assistance of 3D printing. Annals of
Translational Medicine. 2021;9(13):1051

[32] Schweiger T, Gildea TR, Prosch H,
Lang G, Klepetko W, Hoetzenecker K.
Patient-specific, 3-dimensionally
engineered silicone Y-stents in
tracheobronchomalacia: Clinical
experience with a novel type of
airway stent. The Journal of Thoracic
and Cardiovascular Surgery.
2018;156(5):2019-2021

[33] Guibert N, Didier A, Moreno B,
Lepage B, Leyx P, Plat G, et al. Treatment
of complex airway stenoses using
patient-specific 3D-engineered stents:

A proof-of-concept study. Thorax.
2019;74(8):810-813

[34] Dutau H, Musani Al,

Laroumagne S, Darwiche K, Freitag L,
Astoul P. Biodegradable airway stents-
bench to bedside: A comprehensive
review. Respiration. 2015;90:512-521

[35] Zopf DA, Flanagan CL, Wheeler M,
Hollister SJ, Green GE. Treatment of
severe porcine Tracheomalacia with a
3-dimensionally printed, Bioresorbable,
external airway splint. JAMA
Otolaryngology Head & Neck Surgery.
2014;140(1):66-71

[36] Korpela A, Aarnio P, Sariola H,
Toérmald P, Harjula A. Comparison of
tissue reactions in the tracheal mucosa
surrounding a bioabsorbable and silicone
airway stents. The Annals of Thoracic
Surgery. 1998;66(5):1772-1776

[37] Korpela A, Aarnio P, Sariola H,
Toérmald P, Harjula A. Bioabsorbable
self-reinforced poly-L-lactide, metallic,
and silicone stents in the management
of experimental tracheal stenosis. Chest.
1999;115:490-495

[38] Robey TC, Vilimaa T, Murphy HS,
Toérmala P, Mooney DJ, Weatherly RA.
Use of Internal Bioabsorbable PLGA

299

“Finger-Type” Stents in a Rabbit Tracheal
Reconstruction Model. Archives of
Otolaryngology - Head and Neck
Surgery; 2000;126(8):985-991

[39] Saito Y, Minami K, Kobayashi M,
Nakao Y, Omiya H, Imamura H, etal.
New tubular bioabsorbable knitted
airway stent: Biocompatibility and
mechanical strength. The Journal of
Thoracic and Cardiovascular Surgery.
2002;123(1):161-167

[40] Liu KS, Liu YH, Peng Y], Liu SJ.
Experimental absorbable stent permits
airway remodeling. The Journal of
Thoracic and Cardiovascular Surgery.
2011;141(2):463-468

[41] Lischke R, Pozniak J, Vondrys D,
Elliott MJ. Novel biodegradable stents
in the treatment of bronchial stenosis
after lung transplantation. European

Journal of Cardio-Thoracic Surgery.
2011;40(3):619-624

[42] Stehlik L, Hytych V, Letackova J,
Kubena P, Vasakova M. Biodegradable
polydioxanone stents in the treatment of
adult patients with tracheal narrowing.
BMC Pulmonary Medicine. 2015;15:164.
DOI: 10.4172/1747-0862.1000065

[43] Vondrys D, Elliott M], McLaren CA,
Noctor C, Roebuck DJ. First experience
with biodegradable airway stents

in children. The Annals of Thoracic
Surgery. 2011;92(5):1870-1874

[44] Hussain NM. Considerations for
Development of 3D Printed Bronchial
and Tracheal Stents and Tracheal Stents
[Thesis]. Columbia, SC, USA: University
of South Carolina; 2015

[45] Wood C, Cheng G, Miller A,
Wahidi MM, Gall K. Mechanical
characteristics of 3D printed airway
stent. In: A45 Topics in Interventional
Pulmonary. American Thoracic Society.
San Diego. 2018;197. p. A1739



Advances in 3D Printing

[46] Paunovi¢ N, Bao'Y, Coulter FB,
Masania K, Geks AK, Klein K, et al.
Digital light 3D printing of customized
bioresorbable airway stents with

elastomeric properties. Science
Advances. 2021;7(6):1-13

[47] Zarogoulidis P, Darwiche K,
Tsakiridis K, Teschler H, Yarmus L,
Zarogoulidis K, et al. Learning from the
cardiologists and developing eluting
stents targeting the Mtor pathway for
pulmonary application; a future concept
for tracheal stenosis. Journal of Molecular
and Genetic Medicine. 2013;7:65.

DOI: 10.4172/1747-0862.1000065

[48] Zhu GH, Ng AHC, Venkatraman SS,
Boey FYC, Wee ALY, Trasti SL, etal.
A novel bioabsorbable drug-eluting

tracheal stent. The Laryngoscope.
2011;121(10):2234-2239

[49] Wang T, Zhang J, Wang J, Pei YH,
Qiu X]J, Wang YL. Paclitaxel drug-
eluting tracheal stent could reduce
granulation tissue formation in a
canine model. Chinese Medical Journal.
2016;129(22):2708-2713

[50] Duvvuri M, Motz K, Murphy M,
Feeley M, Ding D, Lee A, et al. Engineering
an immunomodulatory drug-eluting

stent to treat laryngotracheal stenosis.
Biomaterials Science. 2019;7(5):1863-1874

[51] Duvvuri M, Motz K, Tsai HW,

Linal, Ding D, Lee A, et al. Design of a
biocompatible drug-eluting tracheal stent
in mice with laryngotracheal stenosis.

Journal of Visualized Experiments.
2020;(155). DOI: 10.3791/60483

[52] Sindeeva OA, Prikhozhdenko ES,
Schurov I, Sedykh N, Goriainov S,
Karamyan A, et al. Patterned drug-
eluting coatings for tracheal stents based
on pla, plga, and pcl for the granulation
formation reduction: In vivo studies.
Pharmaceutics. 2021;13(9):1-14

300

(53] Li Z, Tian C, Jiao D, LiJ, LiY,

Zhou X, et al. Synergistic effects of silver
nanoparticles and cisplatin in combating
inflammation and hyperplasia of airway
stents. Bioactive Materials. ;2022,
9:266-280

[54] Xu ], Ong HX, Traini D,
Williamson J, Byrom M, Gomes Dos
Reis L, et al. Paclitaxel-eluting silicone
airway stent for preventing granulation
tissue growth and lung cancer

relapse in central airway pathologies.
Expert Opinion on Drug Delivery.
2020;17(11):1631-1645

[55] Hohenforst-Schmidt W,
Zarogoulidis P, Pitsiou G, Linsmeier B,
Tsavlis D, Kioumis I, et al. Drug eluting
stents for malignant airway obstruction:

A critical review of the literature. Journal
of Cancer. 2016;7(4):377-390

[56] Zarogoulidis P, Sardeli C,
Konstantinou F, Sapalidis K.
Conventional versus therapeutic stents
for airway malignancies: Novel local

therapies underway. eBioMedicine.
2018;33:10-11

[57] Aravena Leon C, Inaty H,

Urbas A, Grafmeyer K, Machuzak M,
Sethi S, et al. Early outcomes with
3D printing and airway stents. Chest.
2019;156(4):A199-A200

[58] Duong DK, Bedi HS, Guo HH,
Cheng GZ, Sung AW, Free D. Custom
3D-printed airway stent for the
Management of Complex Malignant
Airway Obstruction. In: C36 Case
Reports in Use of Interventional

Pulmonology Stents. American Thoracic
Society. Philadelphia. 2020;201. p. A4883

[59] Huang W, Shan Q, Wu Z,

LiH, Zhou M, Ding X, etal. Retrievable
covered metallic segmented Y airway
stent for gastrorespiratory fistula of
carina or main bronchi. The Journal of



3D Printing and Airway Stents
DOI: http://dx.doi.org/10.5772/intechopen.110414

Thoracic and Cardiovascular Surgery.
2021;161(5):1664-1671.€2

[60] Cheng GZ, Folch E, Wilson A,

Brik R, Garcia N, Estepar RSJ, etal. 3D
printing and personalized airway stents.
Pulmonary Therapy. 2017;3(1):59-66

[61] Aravena C, Inaty H, Urbas A,
Grafmeyer K, Machuzak M, Sethi S,

et al. Clinical outcomes with 3D patient
specific airway stents compared to
commercially available airway stents. In:
21st World Congress of Bronchology and
Interventional Pulmonology. November
2020:19-22

[62] Xu J. Development of 3D-Printed,
Drug-Eluting Airway Stents for the
Personalised and Local Treatment of
Central Airway Pathologies Statement of
Originality. Camperdown, Australia: The
University of Sydney; 2021

301






Chapter 13

Making Use of Three-Dimensional
Models of Teeth in Practical
Teaching of Endodontics

Przemystaw Kustra

Abstract

Making use of 3D-printed teeth models in teaching students offers an innovative
approach. Empowering a highly efficient digital science to improve teaching. This
gives opportunity to learn and enable intuitive dentist and student-patient communi-
cation. Clear and engaged satisfactory experience for teacher, student and patient.
Thanks to the perfect representation of teeth anatomy, making use of 3D models in
the teaching of endodontics may well be recommended as holding substantial poten-
tial in improving overall quality of training at the preclinical stage, with a view to
appreciably reducing overall risk of encountering complications during the actual
clinical work. The mistakes made by the students, for example, at the access cavity for
root canal treatment stage were assessed with the help of 3D models, as well as their
overall, hands-on learning progress was evaluated. Also in the clinical process, before
the procedure with the participation of a patient, a student or a specialist may perform
a treatment procedure on a tooth printed in 3D, based on tomography, under the
supervision of an experienced specialist. 3D printing digital solutions and the popu-
larization of these solutions around the globe are helping dental clinics and hospitals to
effectively and efficiently achieve digital transformation.

Keywords: digital stomatology, digital oral medicine, three-dimensional printing,
virtual endoscopy, three-dimensional teaching

1. Introduction

In the following chapter, I want to present the possibilities of using 3D printers and
3D printing in the practical clinical teaching of endodontics. In this respect, the 3D
printing of tooth models, needed for root canal therapy practice, and the virtual
endoscopy technique are the most relevant for teaching [1-5].

The adoption and adaptation of the latest advances in digital technology, such as
three-dimensional (3D) printed dental objects, have influenced the teaching and
treatment of cases that cover virtually the entire field of dentistry [6].

This technology offers a unique setting for the development of clinical and educa-
tional treatment, as demonstrated by publications in the field. Using a conjunction of
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three classic technologies, already used in medicine, but combined all at once, results
in modern performance in education and clinical treatment. This contributes to cre-
ating opportunities for the development of dental medicine, which is constantly
improving in clinical, educational and, of course, research contexts. In order to benefit
from their treatment, dentists in the current era can already interact with the available
multidisciplinary knowledge and 3D printing to understand the essence of the new
technology and meet the challenges of the digital medicine era. It, therefore, becomes
legitimate to introduce this as a subject in the teaching process of students [4, 7].

All over the world, the digital solutions of 3D printing and their popularisation are
helping teaching units and hospitals to achieve digital transformation in an effective
and efficient way, of which this book and the chapter dedicated to education is a good
example. Furthermore, in dentistry and facial areas close to the oral cavity, this
technique is widely used in head and neck surgery (craniofacial and orthognathic
implants), personalised oral soft tissue regeneration, orthopaedics (fracture printing
in orthopaedic trauma surgery, 3D imaging), 3D printing and virtual 3D planning in
endodontics, ophthalmology, template printing in mandibular (and surgical) recon-
struction, prosthodontics (replication techniques for making e.g., digital dentures and
overdentures, also on implants), periodontal regeneration and repair (periodontal
implants), orthognathic surgery, 3D physical models of teeth, printing of bone
implants and virtual endoscopy, as well as in autotransplantation [8-15].

In the aforementioned areas, prior practice is recommended before starting treat-
ment. The initial use of templates or 3D-printed models can facilitate treatment
planning and reduce the risk of complications during clinical procedures performed as
part of the teaching process [16].

3D printing consists of three stages, which ensure full integration of 3D digital
dental solutions, namely, acquiring 3D data by means of cone-beam computed
tomography (CBCT) (or other stationary and intraoral scanners, if necessary; in the
study in which I participated, a 3D scanner ATOS Triple Scan III (GOM, Germany)
was used), processing and designing the data using professional dental software, after
transferring the obtained scans into an electronic version, for example, Model Creator
(Exocad, Germany) or standard software provided by the manufacturer, and produc-
tion of 3D dental objects from the obtained digital 3D dental models using, for
example 3D resin printers, such as 3D Form 2 (Formlabs), employing materials with
similar physical properties, for example hardness and brittleness, to the reproduced
tissues (Figures 1-4) [1, 4, 16].

Dental applications of 3D printing adopt one or more of the following common
technics: Stereolithography (SLA), fused deposition modelling (FDM), MultiJet
printing (MJP), PolyJet printing, Color]et printing (CJP), digital light processing
(DLP) and selective laser sintering (SLS) also known as selective laser melting (SLM).
The most popular technique in teaching root canal treatment is the first mentioned
that is SLA printing, for example using the dental model resin [10, 17].

2. 3D printing teaching discussion

Endodontics is such a field of science that is based on approximately 90% of
manual skills. 3D printing technologies significantly improve and accelerate the
acquisition of root canal treatment qualifications by students, while the use of 3D
replicas of teeth obtained by means of 3D printing has contributed to the enhance-
ment of qualification of teaching centres and the correctness of performed root
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Figure 1.
3D printer kit (Formlabs), from left to right: Form cure, form wash and 3D printer.

Figure 2.
Already printed tooth on the platform.
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Figure 3.
Printed molar tooth on the platform, before inserting into the washer. Tooth length is 18,08 mm.

Figure 4.
Already printed molar tooth, after using form washer, on the platform of form cure.

canal treatments in undergraduate education. Printing 3D models is an innovative
technique in the field of treatment and teaching (by reducing the likelihood of
errors during treatments). 3D printing is the name used to describe the
‘manufacturing approach’ that creates a material by adding layer by layer. A
student with little experience in root canal treatment will first have the
opportunity to perform the procedure on a 3D replica of a real tooth. Thus, the aim
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Figure 5.
Cone beam tomography (CBCT) image of molars during the assessment of cavity preparation and fillings.

of such a teaching process is to increase the effectiveness of correct root canal
treatment in doctors during their speciality training in the area of restorative
dentistry with endodontics [1, 4, 5, 17-19].

2.1 Teaching experience

On the basis of my experience and many years of teaching, I have identified the
important elements needed in the development of teaching methodology in clinical
classes. The most difficult part of the work for the student is to directly move from
phantom classes to clinical classes, which significantly increases the demands placed
on the student. A number of studies report that even the best-organised phantom
classes are not able to translate the acquired skills, even if they are very good into the
same tasks in clinical work. This is influenced by development of manual skills, which
takes time. This phenomenon is related to ‘brain plasticity’, as well as the development
of the right emotional attitude. From this one can conclude that the introduction of a
didactic element of an intermediate nature, to play relatively smoothly a transitional
role between phantom and clinical activities, is a very important element of the
teaching process. It has turned out that 3D technology with 3D printing fits almost
perfectly into these realities. This is possible because we use real-world models for
pre-clinical and clinical learning [1, 2, 3, 4, 18].

Endodontics, or more precisely root canal treatment, cannot be taught strictly
speaking; apart from the knowledge, which of course has to be learnt, manual skills
need to be acquired. Clinical work involves performing tasks on obscure objects,
which creates additional problems in gaining experience, which usually takes several
years of continuous practice in this area of knowledge. In addition, the patient needs
to be explained the course of treatment on the part of the tooth that cannot be seen
and the need for necessary treatment. Many devices, instruments and materials are
required for adequate endodontic treatment. Various types of diagnostic materials and
devices have already been introduced over the years, including digital x-rays as well as
digital cone tomography, intraoral cameras, fibre-optic endoscopes, 3D atlases (these
are mainly physiology-based), operating microscopes and digital intraoral cameras.
Fibre optic endoscopes (e.g., Ora scope) are particularly close to our field of
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application, as they are used in the tooth chamber to visualise the inside of the root
canal (in order to obtain information for the doctor and patient and thus implement a
favourable treatment plan). They can of course also be useful in the classroom to show
a particular clinical issue on a monitor to a larger number of accompanying people,
which without the use of a monitor would only be visible to the person performing the
procedure. 3D printing and virtual endoscopy are better and more modern solutions.
That is, what can be visualised better is of particular importance, so that the end-
odontist and the student are well-informed in the area of diagnostics, and modern
technology has created new methods of image enhancement in the form of a model
rather than the scans themselves. In this situation, in fact, any clinical problem can be
visualised, printed and discussed in the wider community. In addition, the clinician
relies on images, verbal information and numerical data, for example statistical or
digital analyses (digital photography, digital x-rays and computerised visualisations),
in communicating with the patient, in the process of assessing the patient and when
selecting treatment options [2, 3, 4, 20].

2.2 Teaching objectives

Planning the technology acquisition strategy is the factor that determines the needs
of an individual. Clinicians should focus on what is needed to provide the best solution
for the patient and to establish clear needs. The adoption of new technologies, espe-
cially in teaching, must be based on clear objectives of the systems that are being
implemented. Planning should be based on three areas: the main objective of the plan,
the implementation plan and the measurement phase.

Over the years, I have relied on this scheme in the pattern of research I have done.
The main objective of the plan is to convince us of the need to implement the
technology, why it is needed and what the teaching benefits are? What goals must be
achieved to have a problem-free implementation? All the information generated and
processed in the practice and the way it is handled constitutes the strategic plan for the
technology. Management of information received from the patient, students and other
clinicians provides the basis for the transfer of materials before, during and after
treatment. The implementation part involves planning and day-by-day practice until
the implementation programme runs smoothly. Training and retraining of staff are
essential in a fully functioning plan. The technology being implemented is advanced,
so the fixed working hours of training and consultation with the available laboratory
are essential. Courses and training are necessary to acquire basic skills. The imple-
mentation evaluation phase is important for verifying that the implementation plan is
well-led and followed by improving performance, especially in terms of practical and
manual skills. During the implementation of a technological system, a method of
evaluating their progress towards the objectives implemented must be developed.
Student and patient education is an important positive experience and part of any
modern treatment, including endodontic treatment [1, 2].

In the first step, students were introduced to the analysis of 3D cone-beam tomog-
raphy scans (Figures 5 and 6) to illustrate to students the results that would create in
themselves the need to use this technology for their intended clinical purposes. To this
end, a study (according to randomisation principles) was conducted to illustrate the
quality of cavity preparation and the placement of fillings in extracted teeth in such a
way that the student could learn about the quality and outcome of their work, with the
realisation that this has clinical implications. That is, students were able to see the
quality of their cavity preparation (e.g., the homogeneity of the prepared walls, as
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Figure 6.
Cone beam tomography (CBCT) image of molars during the assessment of cavity preparation and fillings, tooth
cross-section view.

well as the seal of the placed fillings). Randomly allocated teeth were selected for the
study and standardised cavity preparations were planned, followed by filling, using an
adhesive technique with composite. The teeth prepared in this way were then scanned
using CBCT and the scans were evaluated in IrfanView and Fiji Is Just Image]J soft-
ware. The teeth were then subjected to thermocycling and later subjected again to the
same CBCT examination. The students were then able to evaluate the results of their
work accurately on images not only from cone tomography scans but also after 3D
visualisation (Figure 7). To make the work more tangible, of course, the examined
teeth were also assessed under an optical microscope with a micrometre scale. The
analysis results from the CBCT and virtual scan images were then compared with the
images of the specimens themselves and similar results were obtained. This was proof
that digitisation produces measurable comparable results and can be further
implemented. The following pictures show the correctness of the preparation, that is
the box-like shape of the cavity, as well as, in some situations, the loss of fillings, the
protrusion beyond the standard curvature of the tooth crown, which was indicative
of, for example, the care taken in finishing the filling or leaks in the adherence of the

Figure 7.
Virtual 3D image of teeth obtained from cone-beam tomography scans. Visible preparation of cavities and applied

fillings.
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fillings. Only after these analyses did the students realise the need for quality in their
work when they were able to make feedback visualisations of their work. They saw
the possible consequences of developing pulpitis, for example in the case of a leakage,
where it was not a phantom tooth but a real tooth with complications already present.
The use of 3D model aids has significantly accelerated the progress of students’ work
and changes in thinking but has also created the need to introduce 3D techniques into
the format of didactic teaching [1, 2].

Overall, when it comes to digitalisation, computers and software are invaluable in
practice. Most clinicians are unable to consider practising with no digital solutions
applied in their treatments. However, technology cannot replace the quality of care
itself, especially in root canal treatment. This view may change with the implementa-
tion of 3D printing, as here the use of technology is an advancement in the acquisition
of clinical skills, by working on real models of real clinical problems. This changes the
student's thinking from a generic job, where a nameless phantom is treated, to the
realisation that they are treating a specific tooth of a real person. In the study I
proposed to the students, in my opinion, it should have been quite simple to open the
chamber of the teeth, as this is the most visible part of the root canal treatment
procedure. Obviously, this is the stage that determines proper access to the root canal
and has an impact on the subsequent strength of the tooth crown as well as the ability
to maintain patency of the root canal. We adopted a scale of 0-7 for the study (0—no
mistakes, 1—one wall incorrectly prepared, and so on, 6—perforation and 7—damage
eliminating the possibility of further work) (Figure 8). The entire study was

©0e
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Figure 8.
It shows graphical visualisation of results of preparation: incisors, premolars and molars teeth.
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Figure 9.
Example printout, 3D group of premolars.

performed according to randomisation rules. The principles of work and preparation
were strictly defined in numerous lectures and training sessions in order to obviously
standardise the study. The experience gained from this research work is described in
this chapter [1-5].

A total of 9 students with little root canal experience took part in the study. The 3D
prepared teeth included the lower incisors (there were a total of 30 3D teeth, 10 per
student), the upper premolars (also 30 3D teeth, 10 per student) and finally the lower
molars (also 30 3D teeth, 10 per student) (Figure 9). At the beginning of the study,
there were errors in all central incisor preparations (Figure 10), in about 67% of the
premolars and in about 72% of the molars. However, after ten consecutive prepara-
tions, this result was, respectively, only 19% of errors for incisors, around 14% of
errors for premolars and around 33% of errors for molars. All these results between
the start and end points are statistically different. The 90 3D tooth models used in the
study were produced from 3D scans of extracted teeth [1].

The students gained once again a very large and interesting experience during their
own assessment of their own specimens after performing only the root canal treat-
ment procedure. The specimens were then visualised using a special scanner so that
the preparation could be viewed in depth. In addition, during the practical classes,
students were able to use the training microscope (only when assessing their own
prepared earlier teeth as a feedback instrument) to evaluate their own work. They
themselves witnessed their own growing experience with each model they prepared
and concluded that the effectiveness of this method led to safer treatment for the
patient. For example, all students preparing incisors only started to eliminate crown
damage and perforations one by one by the fourth model, and by the seventh model,
all three students were free of these two most serious complications. In molars, for
example, one student in three, in this group, only avoided perforation and chamber
damage in the fifth model. In general, it could be assumed that all nine students
showed significant improvement in preparation from the seventh model. It can,
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Figure 10.
Example of perforation of incisor tooth, number 20.

therefore, be assumed that practical coursework tends to make sense with ten prepa-
ration attempts. I would also like to mention that the students were assessed after the
first preparation of the 3D model, just in case, to make sure they knew what a correct
preparation was and to avoid copying mistakes. They also had in front of them
constantly visible patterns of the correct preparation [1].

In our study with students, 3D models are produced based on real patient teeth.
This provides the students with an almost realistic simulation of preparation in a real
clinical situation.

I have noticed that even though it is possible to explain to students the whole
procedure step by step, as well as to describe the complications that can occur after
what we call an abnormality in the preparation, it is still only when they practise using
real models from specific people that they realise the risks and responsibilities that
accompany their work. Perforated tooth models are a fairly common complication,
although the long axis of the tooth is visible. I would like to mention that in the clinical
setting, except for examples of advanced periodontitis, the entire area of the long axis
of the tooth and the curvatures of the root are not visible because, as we know, they
are hidden in the alveolar bone. I would like to point out that the masses to be printed
were very close to the hardness of the bone, so the preparation in the 3D model of the
tooth was overall quite close to real conditions [1].

2.3 Historical background

In 1983, Charles Hull was the first to introduce a 3D printer. He applied the method
of stereolithography in this technology. In order to characterise the 3D printing
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process, three basic steps can be identified: scanning of a selected tooth (e.g., using
cone-beam tomography (CBCT)), digital reconstruction of the scanned image (e.g.,
using available dedicated software) and then 3D printing of a model of the tooth (e.g.,
using dedicated printers) [20].

The requirements for precision printing have enabled the use of 3D printing in
medicine, since 1990, which, in the first instance, found its way into prosthetics. With
regard to history, dental education was based on extracted teeth, resin blocks or
commercially available resin teeth for pre-clinical training and the possibilities that
the anatomy rooms had, according to accepted criteria [20].

2.4 Scope of knowledge

In the literature, there are isolated publications on the use of 3D printers in
dentistry and in the education of students. Carrying out a study to improve the quality
of didactic education will be another attempt to improve the skills in the field
[4,5,18,21].

The development of this technology makes it possible to improve treatment and
teaching techniques by reducing the risk of errors during procedures primarily in
clinical teaching, based predominantly on educational models and clinical simulations.
From a didactic point of view in the teaching process, demonstrating the effectiveness
of this teaching method is of particular importance. A student with little experience in
root canal treatment will be given the opportunity to perform the procedure first on a
3D replica of a tooth that is in the root canal treatment plan in his or her class. This will
enable them to avoid mistakes resulting from little clinical experience. The same is
true for doctors—in difficult clinical cases.

2.5 Teaching pathway and controlled learning process

A trainee doctor with little experience in root canal treatment will have the oppor-
tunity to perform a complex procedure on a 3D replica of the tooth first before
treating the patient's tooth in question. This will enable them to avoid mistakes
resulting from little experience in different clinical situations. Take, for example, a
situation where there are obliterations of the root canal, in which the still
unobstructed canal lumen is present in the more apical parts, gradually narrowing the
root as a result of, for example dentin deposition due to age, the presence of caries,
orthodontic treatment, systemic diseases or the occurrence of trauma. If inflamma-
tion, such as pulpitis or periodontitis, is detected on clinical or radiographic examina-
tion, intervention is indicated. The risk of a complication when treating a root canal
with obliteration can account for up to 75% of perforation incidents when attempting
to localise and negotiate calcified canals. Students, as shown in the study, have diffi-
culty even opening the chamber of a tooth that is not obliterated. In the classic
procedure, the risk of perforation is reduced by methods that provide straightforward
access to the canal orifice and the use of specialised instrumentation, such as the
surgical microscope and ultrasonics. A trainee with little experience may choose
unfavourable paths of access cavity preparation and under realistic conditions irre-
versibly damage the tooth. It is based on the fact that, when planning the opening of
the tooth chamber or the angle of insertion of instruments for root canal negotiation
or removal of obstruction during work, we may decide that a different insertion path
may have been more advantageous, which then exposes the tooth to the loss of
additional dental hard tissue [18].
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The use of cone beam tomography in today's dentistry is widespread and frequent.
Because of this, many patients now have a CBCT examination for various reasons
(which, together with the favourable radiation dose, facilitates this examination),
which is the basis for printing 3D models. The lack of 3D models may cause clinical
errors, due, for example, to insufficient data on the treated tooth space, which, as I
have already described, may contribute to further complications, for example strip
perforation or unnecessary loss of hard tooth tissue.

Student training consists of learning how to operate the printer, resin selection,
tooth preparation technique, virtual assembly of data obtained from cone beam
tomography (simple single tooth models) to produce a virtual 3D tooth model, and the
printing process. The plan of the digital model is already important, as already at this
stage students draw a number of conclusions about the issues related to their planned
treatment. In a didactic setting, the teaching assistant often helps with clinical work,
but nevertheless cannot do the work for the student the whole time. In the end, the
students have to perform the set procedure themselves. Due to the mere lack of
manual dexterity, every clinical procedure is an emotional burden and is fraught with
the risk of complications due to the lack of an imagined treatment endpoint. One of
the first principles of medicine refers to the statement: ‘before you start the treatment,
imagine what the end will look like’. Only virtual planning and working on real
models of the scanned tooth can help build up an idea of the intended positive
expected treatment results and identify the cause in the case of unintended complica-
tions [18, 21, 22].

During the course of their studies, when operating a 3D printer, students will learn
about various parameters, including XY resolution, which is the most common spec-
ification used to describe the quality or detail of a print and is analogous to size in
pixels, it is the smallest movement the printer's laser can make in a horizontal layer.
However, XY resolution does not take into account many variables that affect the
quality of a component. In fact, professional 3D printers have more than 100 different
settings that affect XY resolution. Layer thickness or Z-height usually describes the
surface finish of the component, meaning that a lower layer height improves the
surface finish. In addition, the thickness of the layer is influenced by the type of resin
and the printer settings [18, 32].

In accordance with the growing interest in 3D printing technology during my
consultations within the dental community (when presenting research at symposia
and conferences), as a specialist in restorative dentistry with endodontics, when
presenting the study described in this manuscript, I have received numerous commu-
nications regarding the provision of training in 3D printing of teeth in the context of
considering the implementation of such courses. This demonstrates a particular inter-
est in this technology. All those interviewed agreed on the potential of this technology
in all its applications, particularly in decision support for complex root canal
treatment cases.

3D printed tooth models and electronic images, used as a graphical guide to visu-
alise the problem in question, can help operators plan and manage complex non-
surgical and surgical endodontic treatment and develop skills, thus becoming an
invaluable educational resource. Learning from one's mistakes without compromising
the patient's health is a leading element of this technique. Three-dimensional (3D)
volumetric images provide a three-dimensional view of the anatomy, facilitating
treatment planning and teaching; when designing a 3D model, students must also
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model the area of their preparation, which forces them to familiarise themselves with
the treatment.

2.6 Non-surgical endodontic treatment

Therefore, a study on non-surgical treatment using 3D printing of teeth, compar-
ing a group of people who will be opening teeth for root canal treatment, having first
opened 3D replicas of these teeth, with a group of people who will be opening teeth
for root canal treatment without first being able to explore the anatomy of the teeth,
could be used in endodontics as a means of teaching students. This contributes to the
understanding of tooth morphology, for example the simulation of tooth chamber
opening and root canal preparation [1].

In the studies I participated in, the study design was as follows. The extracted teeth
(incisors, premolars and molars) were scanned using cone beam computed tomogra-
phy (CBCT), and the resulting data was then analysed with the 3D model visualisation
software, EXOCAD and Model Creator.

The 3D teeth were made from Dental Model compound and printed using a Form 2
3D printer (Form 2, CadXpert), using computer-based stereolithography (SLA) tech-
nology. The device is medically approved, with a special focus on dentistry, due to its
high-resolution printing capabilities.

90 teeth were prepared. Thirty identical teeth, molars, premolars and incisors,
were printed as replicas of the treated natural teeth, one from each tooth group, made
on the basis of the corresponding natural tooth. They were divided into nine groups,
randomly allocating 10 teeth of the same shape to each group. Within each group, the
teeth were numbered in sequence. Dental students with little experience in root canal
treatment were assigned to do the work, one to each group.

Differences between the start and end points of the tooth chamber opening proce-
dure for root canal treatment according to the adopted criteria were studied for 90 teeth.
Dental students with little experience in root canal treatment were assigned to per-
form the preparation. Next, the correctness of performing these procedures was assessed
by two independent researchers, according to the adopted criteria. The correct procedure
of opening the tooth cavity and making the correct access to the root canal entrance was
evaluated. Teeth were scanned using the cone beam computed tomography (CBCT)
technique and the data was analysed in the three-dimensional visualization software.

The correctness of the execution of these procedures was then assessed by two
independent investigators (experts and the students themselves under the micro-
scope), according to the adopted criteria: 0—no errors, 1-4—wall correction, 5—
chamber floor correction and 6—perforation (mesial and distal wall in incisors and
lateral walls in molars). (The study was approved by the bioethics committee, no.
122.6120.235.2016) [1].

2.6.1 Results obtained

The data obtained were analysed using Statistica 12.0 software. The Kruskal-Wallis
test and the multiple comparisons test were performed for the entire group, and
significant statistical differences were found P = 0.0001. The results are also shown in
Chart 1. Premolar teeth were the most favourably prepared, followed by the incisors
and molars [1].
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2.6.2 Presentation of the results

The study showed that each subsequent tooth cavity preparation procedure was
more successful. This is best seen in the comparison between the first and last replicas.
In the process, students gained experience.

Printing single objects in three dimensions, using special printers and software, is a
very innovative and promising technology for pre-clinical teaching and treatment.
The use of a 3D printer is justified in the teaching process [1].

2.7 Surgical endodontic treatment

In the surgical planning of endodontic treatment, we use 3D printing, with addi-
tive manufacturing and rapid prototyping techniques, which are used with satisfac-
tory accuracy, mainly in diagnosis and surgical planning, and then in the direct
production of implantable devices. The main limitation is the time and money spent
on generating 3D objects, and the fact that the type, material and layer thickness of
the printer affect the accuracy of the printed models [15, 28].

3. Virtual endoscopy

An interesting method based on the 3D printing process is a virtual simulation
(Figure 11). It is used in medicine, and also in dentistry, to teach dental students,

Figure 11.
3D reconstruction (of my head), frontal view and deeper structuves of the skull visible under the skin surface.
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including surgical techniques. On this basis, 3D prints of the areas of interest can be
made, although digital 3D visualisation alone may already be enough. This means that
we are referring to the clinical use of virtual endoscopy. Significant software develop-
ments in image processing, resulting in breakthroughs in image editing, as well as the
development of the CT and MR scanners themselves, have made it possible to create
virtual models. As a result, we now have a method for obtaining volumetric recon-
structions, as well as virtual endoscopy, which is based on these reconstructions. This
technique allows for the spatial presentation of the anatomical and morphological
structures of the human being (Figure 12). Images obtained with this virtual tech-
nique are produced as a result of a CT or MR examination, without the need for classic
clinical examinations such as endoscopy. This offers the possibility of non-invasive
diagnosis and visualisation of small tissue structures (Figures 13 and 14). I have
demonstrated the use of virtual endoscopy in a selection of images. I underwent a CT
scan used in medicine. Based on the data acquired, soft and hard tissues, including
teeth, were reconstructed (Figure 15). On the basis of the 3D images obtained,
successive tissue layers can be inspected, for example by removing superficial
structures to visualise the deeper ones. The following pictures show further examples
(Figures 16-20). Particularly important are the images of the tooth after root canal
treatment with the visualisation of the root canal filling and the canal lumen of the
following tooth during root canal treatment, after preparation using a rotary system.
In the visualisations, the texture of the scanned image is slightly overscaled, so a 3D
programme is required to be able to accurately sharpen the object we want to print.
This is why specialist knowledge and experience in the field, as well as training and
courses, are needed. In practice, on the basis of the images reconstructed for the
virtual endoscopy technique, once the images have been converted to the format used
by the 3D printer, the given images can be printed. Virtual endoscopy is also a basis to
learn, how to create a virtual 3D model for pre-bioprinting process based on computer

Figure 12.
3D reconstruction (of my head), side view and deeper cranial structures visible below the skin surface.
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Figure 13.
3D reconstruction (of my head), lateral view and visible soft tissues including blood vessels and under the surface of
the skin.

Figure 14.
3D reconstruction (of my head), oblique view and visible hard tissues including structures inside the skull.
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Figure 15.
3D reconstruction of a tooth after root canal treatment with filled root canals.

Figure 16.
3D virtual veconstruction of the inner part of the tooth voot canal after preparation with the Flex Master rotation system.

Figure 17.
3D virtual reconstruction of the outer part of the root canal, the tooth apex after preparation with the rotary system

and Flex Master.
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Figure 18.
3D virtual reconstruction of a molar tooth.

Figure 19.
3D virtual endoscopy, root canal and molar tooth.

numerical control machining processes. In this area, computed tomography is used
and magnetic resonance imaging is used too. When a virtual model with endoscopy
imaging of tomographic reconstruction is done, it is possible to print layer-by-layer,
for example tissue-like structures, 3D models, using a special material known as
bio-links [4, 22-29, 31].

4. Bioprinting

The 3D bioprinting needs three steps, as 3D printing,. Pre-bioprinting, bioprinting
and post-bioprinting. Bio inks are used in bioprinting step using: a liquid mixture of
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Figure 20.
3D virtual endoscopy, root canal, molar and view inside the orifice of the tooth.

cells, matrix and nutrients. Post-bioprinting is just a final process to create a stable
structure from the biological material. 3D bioprinting is also used adapted
stereolithography process, and also digital light processing is used too. Future
directions of this study cover two main technologies: Bioprinting techniques and
biomaterials.

Finally, it can be mentioned that students in the teaching process can already learn
to use 3D printing to treat pulp tissue, in the sense of endodontic treatment, by using a
bioprinted tissue scaffold. Bioprinting is a very innovative and promising technology
for treatment and teaching. The technique has applications in all scientific fields and is
also being implemented as a teaching component. Oral soft tissue engineering
involves the reconstruction or reestablishment of oral and maxillofacial function and
aesthetics. As an emerging technology of the early 21st century, three-dimensional

Figure 21.
3D virtual reconstruction of the spatial arrangement of the pulp tissues.
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(3D) bioprinting offers great potential for application in scaffold development and
tissue and organ engineering. Although oral soft tissues include the dental pulp,
periodontium, gingiva, oral mucosa and salivary glands, as well as the associated skin
in the maxillofacial area, vascular, muscular and neural tissue, the current use of 3D
bioprinting in oral soft tissue reconstruction is mainly limited to dental pulp regener-
ation (Figure 21). A variety of bio-inks is used to introduce dental pulp cells into the
dentin matrix to restore the dental pulp tissue. 3D bioprinting has only been described
in a few in vitro studies on periodontal ligament reconstruction and salivary gland
culture; 3D bioprinting used to regenerate gingival/oral mucosa tissue has not been
demonstrated yet. In the 3D printing process, machines such as a robotic bioprinter
are already used, and even compact microfluidic bioprinting platforms are in use.
Also, it is important to make more easier and intuitive software for less advanced
practitioners [14, 30-34].

5. Summary/conclusions

Enhancement of a highly efficient 3D digital solutions improves the overall clinical
experience when printing 3D models. A set of available clinical tools helps teachers to
assess and pre-design the scanned elements. Electronic 3D models help the dentist to
have better, more intuitive communication with the student and the patient, which
gives a clear message and the possibility to involve the student and the patient them-
selves in a satisfying experience. In the scan-to-print process, dental models can be
edited and printed, enabling direct visualisation of the treatment plan (e.g., in the case
of prosthetics, the restoration production cycle is shortened). Students could, by
gaining experience, skilfully change the treatment plan. This was possible after using
virtual endoscopy and 3D printing. I encourage you to broaden your knowledge in
developing scientific topics such as biomaterials, biomedical engineering, additive
manufacturing and tissue engineering, and to obtain insights into the future of
biofabrication.
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Chapter 14

3D-Printing Advances in
Radiotherapy

Reza Shamsabadi

Abstract

As radiotherapy techniques have been becoming more applied in medicine, the
success of radiotherapy treatment lies in an optimal radiation dosage distribution
in tumor as well as dose limitation to the normal tissues. Accordingly, the applica-
tion of three-dimensional (3D) printing technology, as an additive manufacturing
(AM) process in radiotherapy technique, is proliferating rapidly due to the reduced
manufacturing costs, improved printing precision, and the speed of 3D printers. The
advent of 3D printers in medical fields, especially in radiotherapy, allows to produce
any given specific design for patients from novel 3D printable materials. Generally, the
applications of this modern industry in radiotherapy can be counted as the creation
of traditional patient-specific bolus, brachytherapy applicators, personalized medi-
cal devices, physical phantoms for quality assurance (QA), compensator blocks, and
patient-specific immobilization devices. Despite the technological advancements of
3D printing in radiotherapy practices, due to the high manufacturing cost, the printing
speed, time-consuming workflows, poor conformability, and poor repeatability of
applied materials, it is not currently well supported by most radiotherapy techniques.
The applications of the 3D printing technology as well as its limitations in radiotherapy
are discussed in following.

Keywords: radiotherapy, patient-specific bolus, brachytherapy applicators,
personalized medical devices, physical phantoms

1. Introduction
1.1 Radiotherapy overview

Radiotherapy has been introduced as one of the most effective modalities for
patients with various types of tumors, which can be given in several ways [1]. Totally,
about 50% of all patients with cancer require radiotherapy during the course of their
treatment process [2]. The success of a complex radiotherapy technique lies in an
optimal radiation dosage distribution in tumor as well as dose limitation to the normal
tissues [3]. Delivering an optimal radiation dosage highly depends on the precision
in patient setup and immobilization [4]. Despite good therapeutic results, due to the
damaging of the surrounding healthy tissues, radiotherapy can have negative side
effects [5]. In this regard, combined modalities with radiotherapy have increasingly
performed to improve local tumor control and negative effects reduction.
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1.2 The 3D printing technology in radiotherapy field

Nowadays, the prospects of the medical technology have changed drastically due
to the increasing rate of accessibility and versatility of 3D printing technology, espe-
cially when combined with medical imaging. Recently, owing to the advantages of 3D
printing method such as versatility and commercial availability, it has been increas-
ingly incorporated into medical practices. Totally, the 3D printing can be regarded as
an ideal technology to optimize individual treatments [6], which provides practical
and affordable ways for radiotherapy treatments. Due to the reduced manufacturing
costs, improved printing precision, and the speed of the 3D printers, 3D printing
technology has been exponentially becoming more commercial and accessible over
the five decades.

The advent of commercially available 3D printers has been widely adopted in
a diverse type of applications, ranging from training to therapeutic usages [7, 8].
Recently, due to the ease of creation and testing the novel designs, as well as the com-
parative affordability of 3D printers, 3D printing technology has been employed in
radiotherapy for the construction of treatment accessories [9-13], and patient geom-
etry or material reproduction [14-19]. Due to the personalization requirement, 3D
printers can be used to create objects to accommodate a specific patient’s treatment.

3D printing technology has been introduced as an efficient stage for production
of custom-made devices to be applied in external beam radiotherapy. Preparation
of organ models and rapid manufacturing of personalized medical devices can be
obtained by 3D printing technology [20]. Successful printing of a 3D object highly
depends on accurately segmentation of achieved patient’s imaging data through the
computed tomography (CT) or magnetic resonance imaging (MRI) [21].

The 3D printer’s utilization in medical fields, especially in radiotherapy, allows to
rapidly produce any given specific design for patients from anatomic images using a
variety of stock materials [22]. Hence, 3D printing technology can truly enhance the
patient care, especially in radiotherapy field [23]. Patient-specific models, which may
not be readily obtainable with the traditional techniques, can be produced by 3D print-
ing alternative method and ultimately increase the accuracy of the treatment [22].

The applications of the 3D printed objects in radiotherapy have been discussed in
following.

2. The 3D printing applications in radiotherapy

In the last few years, 3D printing technology is being used in radiotherapy technique
for a wide variety of applications, including creation of traditional patient-specific
bolus and brachytherapy applicators, personalized medical devices, and reproducible
and sophisticated physical phantoms production of various anatomical models for
quality assurance. Further applications include compensator blocks, patient-specific
immobilization devices, and beam modulators, which commonly have been less
described [22]. The current applications of AM industry (3D printing technology) in
radiotherapy are shown in Figure 1.

2.1 Traditional patient-specific bolus

To improve the radiation dose delivery during the high-energy radiotherapy
treatment, patient-specific boluses are often applied, which on the one hand reduce
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Figure 1.
The current applications of AM in radiotherapy as of 2018 [24].

the irradiation to healthy tissues and on the other hand increase the dose homogene-
ity for patients with complex surface contours [25]. Hence, more homogeneous dose
can be delivered to the target by boluses through providing additional absorption and
scattering of ionizing radiation. Besides, radiotherapy bolus is used to eliminate the
skin-sparing effect [26].

In electron radiotherapy, customized bolus particularly acts as a layer of skin
tissues, which provides a desired dose at superficial lesions as well as favorable cura-
tive radiotherapy outcomes [27]. The performance of the boluses in irradiation with
photons is shifting the build-up region to ensure about the maximum absorbed dose
at the tumor region [28].

The main problem of commercially available boluses is the poor accommodation
with the irregular surfaces of patients such as the ear, nose, and scalp. This issue can
lead to an air gap between the bolus and the irregular surfaces [29], and finally affect the
prescribed dose. The 3D printing technology can afford these issues by creating anatomi-
cally matching boluses to achieve the individualized various complex structures [30].

Presently, 3D printed boluses are being increasingly applied in modern radio-
therapy. Each 3D printed bolus must exhibit three attributes including uniformity
and reproducible bulk density as well as closely match to the surface especially while
using the rigid material [31]. Compared to the commercial flat bolus, the 3D printed
bolus allows an appropriate fit to the patient’s skin surface. The applications of the 3D
printed boluses are shown in Figure 2.

Applied blouses are usually made of various water-equivalent materials (to control
the radiation absorption and scattering in the bolus) such as wet gauze, paraffin,
beeswax, and vaseline. Because of the unique physical properties (i.e., toughness,
flexibility, and viscoelasticity) of soft polymers including plastics (resins), hydro-
gels, silicone elastomers, TangoPlus, and polyurethane soft polymers-made modern
radiotherapy, bolus has begun to appear [27]. In spite of several advantages over the
commercially available boluses, the ingredient materials of 3D printed boluses are
often rigid thermo-plastics material, particularly acrylonitrile butadiene styrene
(ABS). Besides, various tissue-equivalent printing materials such as polylactic acid
(PLA), thermoplastic polyurethane (TPU), and polyvinyl acetate have been reported
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Figure 2.
Varying tissue-equivalent bolus materials for (A) ear [32], (B) mycosis fungoides of the face [13], (C) breast [32],
(D) hand [32], (E) nose of the RANDO phantom [33].

and validated for radiotherapy applications [34]. Rigid-made boluses are uncomfort-
able for the patient that limits the proper contact with surface as well as anatomical
changes over a treatment period [32].

The CT imaging data are a common way to design 3D patient-specific boluses,
which can be obtained by two CT scans. The first scan acquires image data for recon-
structing the shape designing. The second is conducted with the 3D bolus for dose
calculation in the treatment planning. Hence, patient may receive an extra irradiation
dosage. Moreover, some other designs can be produced by optical scanning, which are
expensive and sometimes require complicated processing [31]. To achieve the similar
characteristics such as irradiated biological tissues, 3D printed boluses are usually
filled with water or paraffin wax [35].

Small gaps between the printed bolus and the head phantom surface are a prob-
lem, which are caused by the immobilization with the thermoplastic mask. This issue
could be improved by directly putting the printed bolus onto the patient skin and
under the thermoplastic mask [23].

Besides the method and the applied material for boluses, there is still a growing
concern that radiations can affect physical properties of 3D blouses and even cause
them to change or contract. The effect of ionizing radiations on the physical features
of the printing materials in radiotherapy was investigated by Jezierska et al. [35]. The
reported results demonstrated that owing to the radiotherapy process, the applica-
tions of therapeutic X-ray dosage do not significantly affect physical characteristics
including hardness and dimensions of ABS-printed boluses [35].

2.2 Compensators

Compensator devices are manufactured with the molding and casting process
for the radiotherapy of megavoltage X-ray [34]. During the total body irradiation,
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Figure 3.
The workflow of compensator devices. The four steps of the algorithm including (A) initial plan, (B) modulation
and smoothing, (C) dose evaluation and recalculation, and (D) export and preparation for print [38].

patient-specific compensators are attached near the primary beam to attenuate the
radiation dose and deliver a uniform dose distribution to the whole body [36].

During fabrication of the patient-specific compensators, the treatment field size,
beam energy, and depth of the interested point should be considered. Due to the
fabrication process and involved materials, patient-specific compensators are often
expensive [34]. Hence, additive manufacturing of 3D printed patient-specific com-
pensators not only reduces the costs and manufacturing time, but also has the ability
for developing the complex geometries as the beam attenuation [37]. The workflow of
compensator devices is shown in Figure 3.

2.3 Brachytherapy molds

Besides the radiotherapy boluses, further novel applications of the 3D printing
technology in radiotherapy have primarily been performed to produce brachytherapy
applicators to improve radiation dose delivery. Due to the well-unconformity to the
uneven surfaces (such as the eyes, lips, and nose), it seems essential to use the surface
applicators directly to the patient’s thermoplastic mask or develop patient-specific
molds in accordance with various anatomic sites.

Owing to the 3D printer advances, it can be a proper solution to create the
patient-specific molds [39]. 3D printed applicators eliminate the need for a mask,
which generally provide more convenient approach for the patient. The uniform dose
distribution to the irregular curved surfaces by performing the 3D printed applicator
results in decreasing the radiation toxicity and normal tissue complications [40].
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Brachytherapy (as the short distance radiotherapy) is a form of radiotherapy
technique, which provides a fast dose fall-off by using small radioisotopes, which are
connected to applicators or catheters placed to treat small superficial lesions [41]. Due
to the steep dose fall-off around the source, performance of the brachytherapy applica-
tor is crucial, where inappropriate placement of the source results in inexpedient dose
distribution [12]. To obtain a safe and effective brachytherapy treatment, the applied
applicators should have a proper accordance with the treatment surface in the stable
position, the source of which uniformly covers the treatment volume [12]. 3D printers
may offer a more convenient and affordable method to produce surface mold applica-
tors for a wide variety of irregular sites including the hands, breasts, and the face [42].

It has been affirmed that brachytherapy is an efficient and well-tolerated modality
for skin cancer, low toxicity of which can be achieved. Due to the irregular surface of
the skin lesions in the radiotherapy of melanoma cancer, brachytherapy mold is often
used to fit along the surface [43].

Water equivalent-made surface brachytherapy applicators may be used to accu-
rately guide the position of radioactive sources and fit closely to surface of patient’s
skin. This type of brachytherapy applicator is typically manufactured by a wax layer,
built upon a thermoplastic shell. Some small hollows guide the radioactive seed
implantation as well as helping the flexible drive cable [12].

Currently, different types of commercial standard applicators such as vaginal
brachytherapy applicators and flap-style flexible silicon rubber applicators such as
Harrison-Anderson-Mick (HAM) or Freiburg Flap applicators (for extended superfi-
cial malignancies) have been used [12].

3D printing offers cost-effective and more convenient method to produce surface
applicators for various sites including the hands, breasts, and the face. Typically, for
non-melanoma skin cancer brachytherapy, reductions about 34% in time and 49.5%
in financial cost have been reported. Furthermore, 3D printing technology has been
proposed to produce the desired applicator shapes for gynecological tumors (espe-
cially with narrow vaginal vaults) and surface molds for skin applicators. Besides, the
application of 3D-printed templates has been reported for the treatment of recurrent
head and neck malignancies [29].

Due to the requirement of biocompatible material for printing brachytherapy
applicator, selected materials for such a purpose depend on the type of tissue and the
length of the contact [44]. It should be noted that employed materials for rapid proto-
typing of customized brachytherapy applicators must be biocompatible, sterilizable,
and free of CT scanning artifacts with the similar dose attenuation properties such
as water [45]. The dosimetric properties of employed materials for brachytherapy
applicators have been assessed previously. For example, the dosimetric properties of
PC-ISO material as the water-equivalency material were evaluated by Cunha et al.
[44], in 2015 for gynecological brachytherapy applicators. In 2016, a personalized 3D
printed vaginal template was developed by Lindegaard et al. [9], to guide commer-
cially available applicators.

2.4 Anthropomorphic phantoms production

Since the radiation dose cannot be directly measured in patients during the
radiotherapy, to ensure about the accuracy of the dose delivery and conformal dose
distributions, the treatment planning system algorithms, and the quality assur-
ance, it is common to build phantoms, which mimic radiation attributes of humans.
To achieve ideal or optimal radiotherapy outcomes, the results of patient-specific
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The number of publications for AM dosimetry radiotherapy phantoms until 2018 [24].

phantoms should be combined with treatment planning systems. Using 3D printed
phantoms, all parts of preclinical radiation examinations including planning, image
guidance, and treatment delivery can be assessed by clinicians to verify the treatment
planning and the calibration of the applied treatment techniques. An observed linear
ascending trend for dosimetry applications of manufactured radiotherapy phantoms
through the 3D printing technology is indicated in Figure 4.

To assess the QA of new modalities or validate the patient treatment plans using
the calculated absorbed dose by means of thermoluminescent dosimeters (TLD),
film dosimetry, and ionization chambers, commercially available phantoms are often
utilized [46]. The QA process can be affected by the phantom limitations including
not fully pretending the patient-specific anatomical and pathological characteris-
tics, which eventually lead to errors in absorbed dose measurement. Owing to the
advances of 3D printed radiotherapy phantoms including fast and high-resolution
workflows as well as multi-material printing, the need for QA procedure is becoming
more achievable [47].

The four main steps of 3D printed phantoms fabrication can be observed in
Figure 5. These steps include 1) imaging, 2) segmentation for region of interests
(ROI), 3) slicing the segmented 3D models, numerically controlled process of
desktop 3D printers (called gcode), as well as printing parameter modifications,
and finally, 4) printing models and final implementation for imaging or dosimetry
applications.

To create the 3D printed phantoms, utilized printing technologies include fused
deposition modeling (FDM) and polymer material jetting (PJT/MJT) [48].

The applications of the 3D printed phantoms have been demonstrated in vari-
ous literatures [34, 49, 50]. The simulation of realistic lung movements has been
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demonstrated by Yoon et al. [51], through the 3D-printed lung phantom with printed
lung lesions. Furthermore, Jahnke et al. [52] have evaluated the feasibility of manu-
facturing the realistic head phantom through i) paper-based 3D printing method and
ii) customized laser object manufacturing printer. However, a promising result has
been achieved in this study, and the CT tissue-equivalence and dosimetry assessments
need further quantifiable assessments.

However, the performance of traditionally available phantoms may be limited by
the geometry and physical properties, and 3D printed phantoms enable to develop
aviable, low-cost alternative. Recently, 3D printed phantoms with inhomogeneous
materials have been increasingly taken into consideration. Ehler et al. [16] employed
the 3D printing of a head phantom using ABS material, which was filled with a modi-
fied M3 mix (with the density of about 1.05 g/cc).

2.5 3D printed organs

With the developments of 3D printing technology, production of organ models
has also experienced massive progress [20]. 3D printed organ models still have some
difficulties such as high cost, time-consuming, low production accuracy, and limited
simulation characteristic, which limit their further applications [53]. Sometimes,
complicated image segmentation and 3D model creating processes may require
several days of labor, expensive materials and software as well as a long-learning
period. There is still limitation for currently employed materials to perfectly mimic
the characteristics of soft tissues [53]. Furthermore, errors would be inevitable while
dividing large models into several small parts for printing and assembly process.

2.6 Immobilization devices

Before the radiotherapy treatment, immobilizing devices are utilized to accurately
set the position and rigidly immobilize patients. Beaded bags, polyurethane foam cast-
ings, orthopedic plastics, and head masks are commonly used as the immobilization
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devices [54, 55]. To minimize patient movements during the radiotherapy process,
external immobilization of the equipment (such as headrests, vac-bags, thermoplastic
masks, or shells) is frequently applied, which can result in localized dose distribution
on the tumor site [56]. Besides, healthy tissues can be protected from the radiation
exposure and the effectiveness of radiotherapy treatments can be improved.

Besides the head and neck, 3D printed immobilization devices can be applied for
immobilization of the abdominal area, mouth, and breasts [57]. The workflow of 3D
printed immobilization devices is shown in Figure 6.

Besides the CT data, surface laser scanner (generation of a reference model for
immobilizing shell construction) is the other procedure to develop printable models.
3D printed immobilizers can be created with a range of printing techniques includ-
ing FDM, stereolithography (SLA), selective laser sintering (SLS), and PJT/MJT.
Laycock et al. [58] have assessed the feasibility of VisiJet SL Clear, for immobilization
of devices through the FDM printing technology. To achieve an accurate position in
radiation therapy, thermoplastic material is routinely performed. For example, the
head immobilization during the radiotherapy is most practically accomplished by
thermoplastic masks. Since the skill of the human fabricator for manufacturing the
immobilizers is crucial, these mentioned devices have a variable quality [59].

Today, immobilization masks are commonly utilized for head and abdominal
fixation. Thermoplastic and PLA materials are commonly accomplished for head and
abdominal immobilization mask generation, respectively [34]. However, 3D printed
fixation masks improve patient comfort and eliminate the thermoforming process for
mask manufacturing, and immobilization masks modeling may be a time-consuming
process, which strongly depends on the healthcare professional and potentially results
in inconvenience for the patient [60].

2.7 Other applications

For more applications of 3D printed objects in radiotherapy, the fabrication of
Cerrobend® grids for spatially modulated therapy can be mentioned. Grid therapy
is part of a novel treatment method, which provides passive-scattering proton beams
with a fixed range for stereotactic radiosurgery as well as the manufacturing of oral
stents from CT images used during radiotherapy of head and neck [29].

3. Applied material for 3D objects in radiotherapy

The most commonly applied materials for manufacturing the 3D objects are ABS
and PLA, which may differ from metallic alloys with other thermoplastics [61]. PLA
as the most widely used biodegradable polyester has the strong potential to be applied
in industrial applications or in medicine as a biomaterial. PLA production has numer-
ous advantages as well as ecology, biocompatibility, and better thermal resistance
than other biopolymers. Since PLA products are nontoxic, they are potentially able to
be applied in biomedical applications [62].

335



Advances in 3D Printing

Photo curable resine (Acrylate polymer,
Epoxy/acrylate hybrid polymer)

Biomaterials (Melt-cure polymer, Natural hydrogel)

| | N

1985 1990 1995 2000

Nylon, metal

Thermoplastic resine (ABS, PLA)

Figure 7.
The timeline of discovered important materials for 3D printing applications [66].

Due to the bolusing effect of thermoplastic materials on the patient surface, the
dose buildup can be affected [60]. To reduce this bolusing effect, it has been reported
that multi jet fusion (MJF) method, which is uncommonly flexible in various addi-
tives, may be an opportunity to develop low physical/electron density materials [60].

The dosimetric, biological, and physical characteristics of applied materials for 3D
printed objects have been investigated in several literatures [63-65]. Suitable materi-
als for 3D printing models in radiotherapy applications should have similar character-
istics to water such as radiation attenuation, scatter properties, and biocompatibility
[27]. For example, ABS and PLA have the advantages of electron density similar to
water and low failure rate, respectively. The ABS is prone to layer separation. Besides,
the PLA has the potential of high electron density and easy wrapping [12].

The timeline of discovered materials for 3D printing applications is summarized in
Figure?7.

4. The 3D printing barriers in radiotherapy

In spite of the advantages of 3D printing technology in current radiotherapy
practices, for the clinical implementations, this modern technology appears to be low.
Despite the recent significant developments, the size, capability, and print speed are
still considered as the limitation factors for affordable 3D printers [63]. Hence, for
successful clinical implementation of 3D printing in radiotherapy, besides the men-
tioned factors, QA of 3D-printed objects as well as the material characteristics and
efficient workflow should be considered [29].

In radiotherapy technique, the manufacturing cost of printed objects is probably
the major determining factor for 3D printing technology in radiotherapy clinical
practice, especially for creation of the small targets [59]. Despite the manufactur-
ing cost decrements in recent years, high resolution of commercial printers is still
expensive. Sometimes, the workflows of 3D printing objects may require several days,
precise information about the target, and expensive materials. Besides, some applied
materials have disadvantage such as rough craftsmanship, poor conformability, and
poor repeatability [64]. Utilized raw materials to perfectly mimic the characteris-
tics of soft tissues may be the other limitation and determined factor for 3D model
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creation in radiotherapy. Low resolution, the necessity of post-processing stage, and
poor mechanical properties are the other disadvantages of 3D printing technology
in radiotherapy. Hence, there are still some limitations to be overcome to achieve the
requirements for such clinical practices [65, 67].

5. Conclusion

The 3D printing technology is rapidly evolving, where at present the
AM-radiotherapy field can be regarded as an exciting phase of exploration and inno-
vation. This technology, like any new technology, has introduced many advantages
and possibilities in medical field. It holds the potential to be applied in radiotherapy
for a wide variety of objects including patient-specific bolus, brachytherapy applica-
tors, personalized medical devices, physical phantoms for radiotherapy QA, com-
pensator blocks, and patient-specific immobilization devices. Low-cost 3D printed
objects can result in the accurate and comfortable custom-made devices, which will
ultimately improve the treatment outcomes. Due to the rapid developments and
increased clinical applications, the additional use of 3D printing within radiotherapy
will likely emerge.

Due to the importance of personalized radiotherapy devices, 3D printing technol-
ogy can be applied to improve the quality of life, reduce the setup times, improve
patient comfort, and enhance reproducibility and reliability. The modern 3D printers
have facilitated the design and fabrication of patient-specific radiotherapy phantoms
and ultimately result in precise, cost-effective, high-resolution phantoms with the
multi-material printing workflows.

In spite of the impressive growth of 3D printing technology in medicine, the
advantages in radiotherapy field are not still fully realized. However, it requires an
updated and current legislation to guarantee its correct performance in radiotherapy.
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Chapter 15

Applications of Three-Dimensional
Printing Technology in
Radiotherapy

Seyed Hamid Zoljalali Moghaddam

Abstract

Nowadays, three-dimensional (3D) printing technology has been used for rapid
prototyping of high quality printed objects. This technology has taken a special place
in the field of medicine, and today this technology plays an important role, especially
in the field of radiotherapy. Radiotherapy is a main option for treating and manage-
ment of various types of cancers. Personalized radiotherapy requires precise details.
For this reason, it is very important to carry out the exact treatment design at the
clinical. 3D printing technology is considered a promising method that can be effec-
tive in the treatment of each person in a specific way and as a complementary and
promising method to help in integrated treatment and special equipment for each
patient. In this chapter, various applications of this technology in radiation therapy
have been discussed. This narrative review summarizes the applications of 3D print-
ing technology to develop patient-specific bolus, brachytherapy applicators, phan-
toms, filters, immobilization and grid therapy devices for more personalized radiation
treatment.

Keywords: 3D printing technology, radiotherapy, cancer, bolus, brachytherapy
applicators

1. Introduction

Surgery, radiotherapy and chemotherapy are common methods in cancer treat-
ment [1]. Almost more than two thirds of patients with cancer, are treated via radio-
therapy [2]. The main goal in radiotherapy is maximum dose delivery to the tumor
while minimizing the side effects caused by the treatment. In the past decades, new
radiotherapy technologies such as Intensity Modulated Radiation Therapy (IMRT),
Image Guided Radiation Therapy (IGRT), Stereotactic Radiosurgery (SRS), Stereo-
tactic Body Radiation Therapy (SBRT), and three dimensional treatment planning in
Brachytherapy have been introduced. Such advances in radiotherapy have led to an
increment in the absorbed dose in the tumor area and a decrement in the received
dose by healthy tissues in the treatment area [3-5]. Therefore, it is very important to
carefully implement the treatment design. Although the advent of new radiotherapy
technologies has led to the reduction of errors relevant to the reconstruction of the
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patient’s geometry, there are some errors in the accessory’s productions. So, the use of
medical devices is not suitable for each patient.

Nowadays, 3D printing technology is considered as a promising method that
can be effective in the treatment of each person individually. Hence, there is a
great interest in application of the 3D printing technology in the radiotherapy
process. Today, this technology has attracted a lot of attention for making
patient-specific accessories, dose modifiers, phantoms and several other devices in
radiotherapy [6-9].

Recently, several studies have been conducted in the field of 3D printing technol-
ogy in radiotherapy, in terms of making patient-specific boluses, brachytherapy
applicators, fixing devices, etc. Therefore, in this chapter, the basic applications of 3D
printing technology in radiotherapy have been summarized.

2. Three-dimensional printing

The concept of 3D printing was conceived in the 1970s, but the first experiments
date back to 1981. One of the main applications of 3D printing technology is the
manufacturing of medical equipment. The first use of 3D printing technology in
medicine appeared shortly after its invention. In 1990, Palser et al., first transferred
Computed Tomography images of the human skull and knee joint in the solid three-
dimensional polymer model making system and printed the 3D models using the
stereolithography technique [10]. The process of creating a physical object from a
digital model is considered as a simple definition of 3D printing technology. In com-
parison with the common printers, 3D printers create a 3D physical model from the
desired target. Creating an object with a 3D printer requires a 3D-digital model. A 3D-
digital model can be created by scanning a set of 3D images or drawing it using CAD
design software, as well as using data from Computed Tomography (CT) or Magnetic
Resonance Imaging (MRI), obtained [11]. Then, this 3D digital model is sent to the
printer in STereoLithography (STL) format. Finally, a 3D model is created layer by
layer. The whole above-mentioned process is called rapid prototyping or 3D printing
[12, 13]. Figure 1 shows the formation process of a three-dimensional physical model.

There are various examples of the methods for producing a 3D sample by 3D
printing technologies, such as Binder Jetting (BJ), Photopolymer jetting (P]), Selective
Laser Sintering (SLS), Fused Deposition Modeling (FDM). It is among these technol-
ogies. Among the different methods of making 3D samples, FDM and SLS are two
common types of 3D printing technology which many researchers and manufacturers

Medical
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correction format

Figure 1.
The process of creating a 3D physical model using 3D printing technology based on medical imaging data.
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have taken advantage of this method. One of the most famous 3D printers is the
RepRap device [14].

Rapid advances in 3D printing technology have caused this technology to be
increasingly used in the fields of medicine and health. In the field of medicine, this
technology is used in the production of personal medical devices, implants, models for
medical education, simulations, medical research, and also models for designing pre-
operative treatment [11, 14].

3. Performed materials in 3D printers

So far, several materials have been used to produce the desired 3D object by the 3D
printer, including polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), poly-
ethylene terephthalate glycol (PETG), thermoplastic elastomers (TPE), polyamide
(PA also known as nylon), thermoplastic polyurethane (TPU), and polyvinyl acetate
have been evaluated for use in radiation therapy [15, 16]. The success of 3D printing
technology depends on the applied materials to create the desired 3D object [15]. The
physical properties of the most important 3D printing materials are shown in Table 1.

PLA and ABS are two examples of the most common materials used in 3D printing
technology [15]. PLA is a kind of odorless plastic polymers. This material is used in
many industries, including degradable implants and food packaging. ABS has more
resistance than PLA, and it is also resistant to high temperatures. As a plastic polymer,
PA material is very resistant. In addition, it is flexible and very consistent. The most
common application of TPE is in the construction of flexible objects, so that by using
TPE, it is possible to create an object in a short time. PETG material is a combination
of PET and glycols with different concentrations. Similar to PLA, PETG is used as a
safe plaster for food containers and has been approved by the Food and Drug Admin-
istration (FDA). Compared to PLA, PETG is strong and hard. All the materials men-
tioned above are available in the form of filaments with diameters of 1.75 mm and
3 mm [15].

4. Applications of 3D printing technology in radiotherapy
Today, in spite of considering the tremendous advances in the radiotherapy, some

radiotherapy steps are performed completely manually by the operator, therefore, a
level of uncertainty is introduced in the clinical use of radiotherapy. Practical use of

Filament Tension Density Flexibility Durability Printing problem Printing temperature (°C)

ABS Medium  1.01 Medium High Medium 210-250
PLA Medium  1.24 Low Medium Low 180-230
PETG Medium 127 High High Medium 220-235
TPE Low — High Medium High 225-235
Nylon High — High High Medium 220-260

ABS: acrylonitrile butadiene styrene; PLA: polylactic acid; PETG: polyethylene terephthalate glycol; TPE: thermoplastic
elastomers.

Table 1.
Physical properties of 3D printed materials.
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3D printing technology in radiotherapy can improve treatment results and reduce
treatment errors. Recently, in the field of radiotherapy, the creation of objects from
CT and MRI imaging data for various applications using professional and conventional
3D printers has been investigated by several groups of researchers. The main applica-
tions of this technology in radiotherapy, as shown in Figure 2, include making
patient-specific blouses, fixation devices, brachytherapy applicators, compensation
blocks, quality assurance phantoms, filters and grade blocks are therapeutic.

4.1 Radiotherapy bolus

In radiotherapy, one of the most common applications of 3D printing is the pro-
duction of patient-specific bolus. So far, many studies have been done in the field of
3D printing to produce special blouses (Figure 2E). Bolus is a synthetic substance that
is placed on the surface of the treatment area to correct the dose at the surface and
depth of the skin, which can be used in both photon and electron beam radiotherapy
[16]. Radiotherapy boluses can be created from commercial materials such as syn-
thetic gel sheets, wet gauze, wax and thermoplastic sheets [22]. The preparing boluses
methods are based on wax and thermoplastic materials is completely manual, which
involves the level of uncertainty in its creation and use. In addition, the mismatch
between the level of the bolus and the patient’s level can lead to the creation of air
cavities, which itself leads to a dose difference between the treatment plan and the
dose delivered to the patient [16, 23-26].

Today, 3D printing technology provides the manufacturing of patient-specific
bolus, so that it can lead to improved uniformity and dose distribution on complex
and irregular surfaces [16]. It has been established that the 3D printed boluses used at
the bedside can optimize the treatment preparation time and reduces costs of
manufacturing process [27]. Besides, it has been shown that the use of this technology
to create a bolus is safe and practical which also increases the work efficiency while
increasing the quality of radiation dose delivery [27].

Park et al., have been used 3D printing technology to make a blouse for a 45-year-
old man with Kimura disease who had received several sessions of radiation. Placing
the 3D printed bolus in the treatment area placed the target position at an acceptable
level and the air gap between the patient’s body and the bolus was less than 5 mm.
Most of the desired area was covered by a 3D printed blouse with a 95% uniform dose

Figure 2.
3D printer filter (A), brachytherapy applicators (B), phantom (C), oral stent (D), blues (E) and block grade
thevapy (F). Adapted with permission from references [15, 17-21].
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curve. Finally, the results of 3D printed boluses compared to the non-bolus state and
even with paraffin wax blouse led to the improvement of the treatment target cover-
age [28]. The clinical effectiveness of bolus in head and neck cancers, head
angiosarcoma, and after mastectomy has been investigated in many studies [29-31].

The presence of an air gap between the bolus and the patient’s body has a signifi-
cant effect on surface doses which can lead to a skin dose reduction [32, 33]. Fujimoto
et al. designed a 3D bolus for the patient using CT images data. After placing the 3D
printed bolus on the phantom, the results of dosimetry showed that the use of this
special bolus can reduce the air gap and facilitate the dose coverage of the studied
volume [34]. Besides, Ricotti et al., determined the dosimetric properties of common
applied materials of ABS and PLA as printing materials that are usually. In this study it
has been showed that the different filling percentages of these two substances lead to
the creation of different densities, which can lead to differences between the calcu-
lated and measured dose distributions [35].

4.2 Brachytherapy applicators

Another application of 3D printing technology is the creation of applicators in
brachytherapy. Several studies have investigated the 3D printing patterns to produce
specific applicators that accommodate to the anatomy of each patient during the
brachytherapy. The feasibility of 3D printing mold in brachytherapy was determined
by Harris et al. [36]. The results of their study showed that a low-cost 3D printer
with ABS plastic can accurately produce specific mold structures and catheter
channels [36].

Recently, the production of templates for skin cancer brachytherapy using a 3D
printer has been reported, so that the 3D printed template has led to a reduction in
financial costs and clinical workflow [37]. In head and neck brachytherapy, applica-
tions of 3D printed applicators for implanting radioactive iodine-125 can accurately
transfer a CT-based treatment plan to the brachytherapy needle insertion process
[38]. In addition, using a separate 3D printed template (to guide the brachytherapy
needle) the time required to insert the needle can be reduced and minimized the
complications associated with incorrect implants [38].

In Seki et al. study, two cases of personalized 3D printed templates which were
designed inversely from CT or MRI data were investigated for interstitial brachyther-
apy for cervical cancers (Figure 2B) [18]. As investigated in other studies, the accu-
racy of 3D printed model was accepted at a high level [39, 40]. There are two main
weaknesses in conventional brachytherapy applicators. First, inability of the adapta-
tion to the anatomy of the patient’s body which leads to a change in the operator’s
position in a treatment department. Second, daily repeatability based on the
requester’s situation is considered a challenging issue [12]. However, the use of inex-
pensive 3D printers is a promising solution for creating high-dose brachytherapy
applicators [12]. Jones et al., have shown that 3D printed applicators can improve
high-dose surface brachytherapy using pre-programmed catheter orientation [41].

4.3 Phantom construction

Phantoms are widely used for quantitative and qualitative evaluations in medical
imaging and radiotherapy (Figure 2C) [12]. Recently, several studies of 3D printing
technology for making phantoms have been reported [11, 42]. In Tino et al. study, a
significant increase in the publication of articles during the last 10 years in the field of

347



Advances in 3D Printing

imaging and dosimetry phantoms produced by 3D technology (number of 52 articles)
has been reported. One of the main features of 3D printing technology was the
production of customized additives and the possibility of density variations [43].

In medical imaging, researchers investigated the feasibility of an anthropomor-
phic chest phantom produced with a 3D printer for medical imaging purposes. Using
3D printing technology, they created a phantom based on the CT image taken from
the chest of a patient with lung cancer. The phantom printed by 3D technology was
examined in terms of size, shape, and structure by PET scan and CT scan. The results
of the investigation showed that the phantom is able to withstand radiation doses of
more than 24,000 Gy [7]. Today, many 3D printers produce 3D images of human
organs [15]. 3D printing technology enables researchers to produce commercial
phantoms and organs in a cost-effective manner compared to commercially avail-
able phantoms. Recently, several studies have reported that the use of 3D printing
technology can create phantoms with variable density to ensure the quality of radi-
ation therapy [6, 44]. 3D printing provides an inexpensive way to design and man-
ufacture phantoms [45]. Also, the feasibility of 3D printed phantom for in-body
artificial dosimetry in ensuring the quality of IMRT before treatment was examined.
The results showed that the dose difference between the anthropomorphic head
phantom and the 3D printed phantom was generally less than 2% [46]. In another
study, to verify the accuracy of CyberKnife Xsight Lung Tracking System (XLTS)
compared to Fiducial-based target tracking system (FTTS), a lung phantom made by
3D technology was used. XLTS and FTTS are Synchrony’s two real-time respiratory
tracking systems in CyberKnife robotic surgery. 3D printing technology has a very
good ability to create lung phantoms [47]. It has been suggested that in the future
multi-material printing using polymer jet technology will be used as an important
printing process with the ability to create heterogeneous phantoms for dosimetry in
radiotherapy [43].

4.4 Stabilizer devices

Recently, several advanced radiotherapy methods such as SBRT have been clini-
cally used. In these techniques, accurate adjustment and immobilization of the patient
is very crucial to ensure about the optimal dose coverage of the target volume and
preservation of healthy tissues [44]. For this reason, immobilization of the patient is
essential, especially in the head and neck area due to the tumor is usually located in the
vicinity of endangered organs such as the brain stem or the spinal cord [48].

Nowadays, thermoplastic masks are usually used to immobilize the patient body
[49]. Other immobilization devices include stereotactic frames, Scotchcast masks and
bit blocks [44]. The most important concern about fixation devices can be attributed
to the accuracy of fixation during the treatment session as well as different treatment
sessions. In addition, the head mask can lead to physical discomfort and claustropho-
bia in some patients [50, 51]. Generally, it is necessary to improve the comfort of fixed
devices in order to provide the best coverage and the least discomfort for the patient.
Recently, a few studies have focused on the printing of fixation devices based on the
anatomy of each patient by 3D printing technology.

In Haefner et al. study, a new method for making head fixation devices according
to individual anatomy with 3D printing technology based on MRI data has been
introduced. In this study, eight volunteers were studied and the 3D MRI data obtained
from the head was processed using software and a meshed model of the surface of the
fixing mask was obtained. Then, a fixing mask for the head was produced by a 3D
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printer and ABS material. The results showed that there is a high level of adjustment
precision and also the patients had the least discomfort during use [44].

Besides, an oral stent was used during head and neck radiation therapy to reduce
the side effects of radiation to healthy tissues. When an oral stent is used, the normal
tissue is moved away from the high dose areas. Normally, the dentist makes an oral
stent based on the image of the patient’s teeth and a model of the relationship between
the upper and lower jaw. The main purpose of using an oral stent is to increase the
level of confidence and place the jaw in a reproducible position during radiation
therapy. Nevertheless, there are various problems in using this device, among which it
can be mentioned that it is difficult and time-consuming [20]. Recently, a new
method for creating a patient-specific oral stent from common CT imaging data and
3D printing technology has been described by Wilke et al. (Figure 2D). Oral stent
production using 3D printing method does not require the physical presence of the
patient and will lead to a reduction in treatment time [20].

In Asfia et al. study, the result of published articles from 2000 to 2019 in the
field of 3D printer fabrication of stabilizers was reviewed. The results of this
study showed that with the advent of 3D printing technology, the manufacture
of stabilizers by 3D printer is more affordable and accessible, so that functional
parts They are able to produce more. Also, in this study a favorable agreement
of the fixators in terms of matching the unique body geometry of the patient
and also the possibility of repeatable adjustment for treatment have been
reported [52].

4.5 Other applications of 3D printing technology in radiotherapy

In addition to the applications of 3D printing technology in above mentioned
radiotherapy advances over the past few years, few studies have used 3D printing
technology to make individual-oriented, compensating, and block grid radiation ther-
apy filters [16, 17, 53, 54]. Filter production based on the individual characteristics and
anatomy of the patient is considered an essential factor. Creating a filter is very time-
consuming and its widespread use has not been reported [55, 56]. In this regard, a new
method for creating special filters for the formation of electron beam fields using 3D
printing technology has been described (Figure 2A) [17].

A very useful treatment method for large tumors is spatially fractionated radio-
therapy (SFRT), which uses a special block to create a grid-like pattern. Grid therapy
is an effective method for treating large tumors. Although radiotherapy with grade is
effective, the clinical application of this method is limited due to inadequate under-
standing of radiobiological mechanisms [57, 58]. In addition, it is time-consuming and
difficult to make specialized blocks that create radiation beams in the form of a
network.

Today, the use of 3D printing technology can solve the limitations of access to
specialized blocks in grid therapy. In 2015, Zhu et al. investigated cerrobend networks
and used a three-dimensional technique for radiation modulation to create them
(Figure 2). The block grid template was designed with tubes that lead to beam
divergence. The mold was printed by a 3D printer using resin at a temperature of less
than 230°C. Cerrobend liquid was melted at 120°C and poured into a resin mold and
prepared for a block with a thickness of 7.4 cm. By using a small field dosimeter
including a pinpoint ionization chamber and a stereotactic diode, the dosimetric
characteristics of the grid block were investigated. For the 6 MW photon beam, the
valley-to-peak ratio was 20% at dmax and 30% at a depth of 10 cm. The output factor
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was 84.9% at dmax and 65.1% at a depth of 10 cm. Their study showed that the 3D
printing method can be used in grid therapy [21].

Another application of 3D printing technology in radiotherapy is the creation of
compensatory blocks in IMRT [52]. Multileaf collimators and compensating blocks are
two basic techniques used to modulate the intensity of photon beams. The conven-
tional method of making IMRT compensating blocks is the use of milling machines,
one of the disadvantages of which is the high operating and production cost compared
to the lead multi-leaf collimator method. To eliminate the need for milling machines,
3D printing technology has been used to make IMRT compensatory blocks. The main
advantage of this approach is reducing costs and production time [53].

5. Conclusion

The use of 3D printing technology will reduce the cost of radiotherapy, and as a
promising method, it can lead to the treatment of cancer in a specific and person-
centered way. Studies conducted on 3D printing showed that this method is a fast,
practical and inexpensive method to deliver a uniform dose to the target volume and
at the same time protect healthy tissues in the radiation field. In addition, this tech-
nology reduces the patient’s discomfort and provides special radiation therapy devices
suitable for each patient.

In this chapter, the main applications of 3D printing technology in radiotherapy in
the manufacture of special treatment devices such as bolus, phantom, brachytherapy
applicators, filters, patient fixation devices, compensatory blocks and grid blocks.
There are various materials for 3D printing that can be used for better delivery of
radiotherapy. The use of 3D printed devices based on the anatomical features of each
patient in radiotherapy, such as bolus and fixing devices, can reduce daily uncertainty
and also increase the accuracy of treatment.

The conducted investigations showed that patient-specific devices can be pro-
duced by 3D printing from volumetric CT images or MRI data. In practice, 3D print-
ing technology has a great potential to improve accuracy and efficiency in the field of
personal radiotherapy. 3D printing technology offers a relatively low-cost and effec-
tive way to produce devices based on individual anatomy in radiotherapy. When a
new technique is introduced at the bedside, it is necessary to develop appropriate
quality assurance programs to protect patients and healthcare professionals. Further
developments in the field of 3D printing technology can create more flexibility in
design, so that this method can be applied to the bedside as well. Besides, new 3D
printing materials and methods that lead to better results in the treatment of patients
will be introduced in the not-so-distant future.
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IGRT Image Guided Radiation Therapy

SRS Stereotactic Radiosurgery
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Chapter 16
Health and Safety in 3D Printing

Hector Garcia Gonzalez and M@ Tevesa Lopez Pola

Abstract

Nowadays, it is possible to find 3D printers everywhere, at homes, schools, work
offices, etcetera. 3D printing is an additive manufacturing process that is increasingly
gaining popularity, and it can create functional parts with a wide variety of shapes
and sizes. But on the other hand, there are health risks associated with 3D printers,
like nanoparticles and volatile organic compounds (VOCs), which are important to
know to improve health and safety and avoid diseases such as asthma, allergic rhinitis
and chronic obstructive pulmonary disease, among others. This chapter analyses
techniques for sampling the nanoparticles and VOCs exposure during 3D printing
and a health effects review, giving tools to evaluate the risks and recommendations
to avoid or minimise these risks using engineering controls like extraction systems or
good ventilation.

Keywords: nanoparticles, VOCs, health, air quality, 3D printing

1. Introduction

Every day 3D printing is more present in our lives. In 2018, 1.42 million units
were sold; it is expected that by 2027 more than eight million units will be sold. Their
relatively low price (from around 140 euros) means that they are present in many
companies, homes and even nursery schools; with them, it is possible to produce
prototypes of unique designs at a meagre cost; in addition, there are already models
of games, figures or pieces that can be download for free from the Internet and print
them with 3D printers.

However, they are not all advantages; with 3D printing, a series of emerging risks
are associated, such as exposure to nanoparticles and volatile organic compounds
(VOCs) [1-3]. The most investigated materials are poly lactic acid (PLA) and acrylo-
nitrile butadiene styrene (ABS) since they were the most used; however, many com-
pounds and other printing technologies are entering the market strongly, such as 3D
resin printers.

In addition, it should be noted that there is no occupational exposure limit value
(OELV) for nanoparticles in most countries. However, there are some reference values
to help evaluate the exposures of nanoparticles from 3D printers. Regards the VOCs,
not all of them are regulated with an OELV.
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2. Nanomaterials and nanoparticles

According to the ISO/TS 27687, the nanoscale size ranges from approximately 1
to 100 nm, and the materials in these sizes usually show new or unusual properties.
The European Union [4] defined “nanomaterial” as a natural, incidental or manu-
factured material consisting of solid particles that are present, either on their own or
as identifiable constituent particles in aggregates or agglomerates, and where 50% or
more of these particles in the number-based size distribution fulfil at least one of the
following conditions:

a.One or more external dimensions of the particle are in size range of 1 to 100 nm;

b. The particle has an elongated shape, such as a rod, fibre or tube, where two external
dimensions are smaller than 1 nm, and the other dimension is larger than 100 nm;

c. The particle has a plate-like shape, where one external dimension is smaller than
1nm, and the other dimensions are larger than 100 nm.

No air quality standards are in place to regulate exposure to airborne nanoparticles
because there is still debate over the number of nanoparticles that are acceptable to
be exposed. There are no consensus measurement methods or tools [5]. However,
it is evident that the harmful effects mainly depend on the nanoparticle’s surface.
Because nanoparticles have a large surface area to volume ratio compared to the same
substance in bulk, they are a better metric for assessing risks than the conventionally
(and officially) employed mass-based approach [6, 7].

To explain the importance of measuring nanoparticles, it is better to show an
example; if there is a mass of 0.1 g in the air with a density of 2.65 g/cm’, it can be
calculated how many particles could be in the air from different sizes of particles.
Table 1 shows the number of particles and the superficial area of a mass as a function
of the particle size.

If all the particles in the mass of 0.1 g had a size of 1 pm, the particle area would be
0.22 m?, but on the other hand, if all particles had 1 nm, the total area would be 226 m>.
If these particles could irritate or damage the lungs, a person with the exact mass expo-
sure could be exposed to a surface of 0.22 m* or 226 m’; potentially, the health effects
will be very different. It is estimated that the lung area is around 70 to 100 m” (Figure 1),
but the nanoparticles are not deposited uniformly in the lungs; it is a complex issue, and
there are different deposition probabilities according to the particle size [8].

Size Particles number Area (cm?) Area (m?)
1pm 72,071,806,726.62 2264.14 0.2264
10 pm 72,071,806.73 226.41 0.0226
5pm 576,574,453.81 452.83 0.0453
100 nm 72,071,806,726,621.50 22641.36 2.2641
10 nm 72,071,806,726,621,500.00 226413.58 22,6414
1nm 72,071,806,726,621,500,000.00 2264135.81 226.4136
Table 1.

Simulation of particle numbers and superficial area in a mass of 0.1 g with different sizes of particles.
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Figure 1.
Lungs area (left) and 3D printer (vight).

The circle graph in Figure 2 shows Table 1, which represents the area of mass of
0.1 g (density of 2.65 g/cm’) in relation to the particle size. It is clear that the area
increases with the particle size reduction.

Once the nanoparticle size’s importance is known, it is critical to know reference
levels; as previously exposed, it is still debatable because various types of nanopar-
ticles have different or unknown health effects. When sampling nanoparticles, it is
common to find different sizes distributions and heterogeneous compositions. In 2011
the Institut fiir Arbeitsschutz (IFA) proposed a benchmark concentration level based
on particle numbers concentrations, Table 2.

According to Table 2, it is possible to carry out a nanoparticle health and safety
assessment considering the material density and the particle number concentration. In
materials with low density (most of the 3D printing filaments, poly lactic acid (PLA),

Area (m?)

0% 0%

% M 1 micron
0%

m 10 microns
M 5 microns
m 100 nano

® 10 nano

¥ 1 nano

Figure 2.
Representation, surface in relation to particle size for the same mass.
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Description Density

Benchmark level (8-h time-weighted average (TWA))

Biopersistent granular >6000 kg/m®
nanomaterial in the range
1-100 nm

20,000 particles/cm3

Biopersistent granular <6000 kg/m®
nanomaterial in the range
1-100 nm

40,000 particles/cm3

Non-bio-persistent
nanomaterial in the range of
1-100 nm

Applicable OELV

Table 2.
IFA nanoparticles benchmark level (IFA, 2009) [9].

acrylonitrile butadiene styrene (ABS), acrylonitrile styrene acrylate (ASA), ....), the
reference level is 40,000 particles/cm?, and for heavy materials 20,000 particles/cm’.
It is essential to know the sampling device characteristics because most of them also
count water particles, and when sampling, it is crucial to take a sample for the back-
ground levels. In some cases, if the intention is to evaluate a process, the nanoparticles
could be from the background (nanoparticles from diesel engines or pollen).

There are multiple nanoparticle sampling devices in Table 3, Figure 3 shows two
examples of sampling devices, and Figure 4 shows filaments and a 3D printer.

There are many studies about particles emission during 3d printing. All the inter-
national literature agrees that respirable dust measurements are well below the OELV

Instrument Sampling principle Main metric Range
CPC 3007 (TSI Inc., Condensation nuclei Particle number 0.010 to 1 pm
Shoreview, MN, USA) counter concentration
EEPS 3090 Engine exhaust Ultrafine particle 0.0056 to 0.56 pm
(TSI Inc., Particle sizer size distribution 32 Channels
Shoreview, MN, USA) Spectrometer (nanoparticles)

Table 3.

Examples of devices for sampling nanoparticles.

Figure 3.

Nanoparticles sampling devices: CPC 3007 (left) and EEPS3090 (right).
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Figure 4.
Different 3D printing filaments (left) and 3D printer (right).

(3 mg/m?®), so 3d printing is not a risk if only the traditional and official assessment of
dust mass (concentration in mg/m3) is considered.

Chan et al. obtained concentrations of 700 ug/m? of total dust and 400 ug/m? of
respirable dust well below the occupational limits, with the predominant sizes being
between 27 and 115 nanometers [10]. Runstrém et al. obtained total dust and respi-
rable dust values below the laboratory detection limit (negligible) and a maximum
concentration of nanoparticles of 25,000 par’cicles/cm3 [11]. Jensen et al. obtained
concentrations of 50.4 pg/m?’ in respirable dust [12].

As for nanoparticles, for different filaments in studies carried out in a chamber
by Floyd et al. [13], values of up to 1,000,000 particles/cm® were obtained, which
coincides with the studies by Zhang et al. [14] reporting this last author differences
between various ABS manufacturers.

In the same way, Kwon et al. [1] detailed a maximum concentration of 54,000
nanoparticles/cm® in ABS and 1326 nanoparticles/cm® in PLA filament printing at
the temperature recommended by the manufacturer, increasing the emission of
nanoparticles at higher temperatures, very similar results than Garcia-Gonzalez and
Lopez-Pola [7].

Azimi studies in a chamber showed concentrations between 108-1011 particles/
cm’ [15].

In metal printers, Jensen et al. measured maximum values of 10,000 particles/crn3
[12], while studies by Yi et al. observed differences in the emission of nanoparticles
and their size depending on the material filament colour, both in PLA and ABS fila-
ments, obtaining concentrations in a chamber up to 2.18 x 101 particles/cm3 [16].

3. Volatile organic compounds (VOCs)

According to the United States Environmental Protection Agency (EPA), VOCs are
gases containing various chemicals released from liquids or solids with a high vapour
pressure at room temperature [17].

VOCs are classified into four groups:

* Very volatile organic compounds (VVOCs) with Tb: < to 50-100°C (e g. propane,
butane and methyl chloride).
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* Volatile organic compounds (VOCs) with 50-100°C < Tb < 240-260°C
(Formaldehyde, d-Limonene, toluene, acetone, ethanol (ethyl alcohol) 2-propa-
nol (isopropyl alcohol), and hexanal).

* Semi-volatile organic compounds (SVOCs) with 240-260°C < Tb < 380-400°C.

* Particulate organic matter (POM) with Tb > 380°C; e.g., pesticides (DDT,
chlordane, plasticisers (phthalates)), fire retardants (Polychlorinated
Biphenyl (PCBs) and Polybrominated Biphenyl (PBB)) [18].

VOC:s are usually sampled with direct reading devices to obtain the total volatile
organic compounds (TVOC), defined as the sum of all VOCs that elute between and
include n-hexane and n-hexadecane on a non-polar capillary column. Also, the VOCs
can be sampled with a personal pump, a tygon tubing air sampling and a Tenax® TA
sorbent tube (Figure 5) and analysed in the laboratory with a gas chromatograph;
this procedure requires a low flow of 50 ml/min or less, and the sample volume must
be around 6 litres, with this technique, it is possible to quantify multiple individual
VOCs, this method is based on NIOSH 2549.

There are multiple VOCs, and not of them are well studied. Table 4 shows the
OELV recommended by the Instituto Nacional de Seguridad y Salud en el Trabajo
(INSST) for some VOCs.

The International Agency for Research on Cancer (IARC) has classified some
volatile organic compounds as carcinogenic, such as acrylonitrile, 1-3 butadiene,
benzene and formaldehyde.

In the same way, the legislation says that exposure to any carcinogen substance
must be as low as technically possible. In non-occupational uses, for example
homes, the reference levels are usually 200 pg/m3 of TVOC [20], and the bench-
mark levels are proposed in the public health England guide for indoor air quality
(Table5).

Volatile organic compounds are emitted mainly in FDM (fused deposition model-
ling) printing processes [26], although concentrations are generally below occu-
pational limits. In this type of printing, styrene is emitted with ABS material, and
methyl methacrylate is more frequent when printing with PLA material [27].

Figure 5.
Tenax sorbent tube (left), sampling VOCs during 3D printing (right).
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VOCs OELV VOCs OELV
(mg/m3) (mg/m3)

Hexane 72 b-Pinene 113
n-Heptane 2085 Ethylbenzene 441
n-Octane 1420 p-Xylene 221
Carbon tetrachloride 6.4 m-Xylene 221
1.1.1-Trichloroethane 555 n-Butanol 61
n-Nonane 1065 o-Xylene 221
Ethyl acetate 734 d-Limonene 168
Benzene 3.25 1,3,5-Trimethylbenzene 100
Trichlorethylene 54.7 Styrene 86
«o-Pinene 113 1,2,4- Trimethylbenzene 100
Toluene 192 1,2,3- Trimethylbenzene 100
1,2-dichloropropane 47 Formaldehyde 0.37
1.2-Dicloroethane 8.2 Naphthalene 53
N-butyl acetate 241

Table 4.

The occupational limit for VOCs (INSST) [19].

VOCs Limit values in pg/m® Source

Short term Long term

Acetaldehyde (75-07-0)

1420 (1h) 280 (1 day)

Health Canada (2018) [22]

a-Pinene (80-56-8)

45,000 (30 min) 4500 (1 day)

EPHECT (Trantallidi et al., 2015) [23]

Benzene (71-43-2)

No recommended level of exposure

World Health Organisation (2010) [24]

D-Limonene (5989-27-5)

90,000 (30 min) 9000 (1 day)

EPHECT (Trantallidi et al., 2015) [23]

Formaldehyde (50-00-0)

100 (30 min) 10 (1 year)

World Health Organisation (2010) [24]

Naphthalene (91-20-3)

— 3 (1year)

Agency for Toxic Substances and
Disease Registry (2005), USA [25]

Styrene (100-42-5)

— 850 (1 year)

Health Canada (2018) [22]

Tetrachloroethylene
(127-18-4)

— 40 (1day)

Health Canada (2018) [22]

Toluene (108-88-3)

15,000 (8 h) 2300 (1 day)

Health Canada (2018) [22]

Trichloroethylene No recommended level of exposure World Health Organisation (2010) [24]
(71-01-06)
Xylenes-mixture — 100 (1 year) Health Canada (2018) [22]
(1330-20-7)
Tables.

Indoor air quality guidelines for selected VOCs [21].

Runstrém et al. observed maximum peaks of TVOC (total volatile organic com-
pounds) of 3200 pg/m’, indicating in their study that levels potentially harmful to
health were not detected, which also coincides with the studies carried out on camera
by Floyd [13] and Garcia-Gonzalez [7].
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Zhang et al. state that the levels of VOCs in 3D printing are lower than in laser
printers [14], coinciding with Stefaniak et al., who assesses the TVOC levels printing
ABS at values of 3500 pg/h, 131 pg/h for PLA and around 6000 pg/h for toner printers
[28]. Azimi concludes that the levels of VOCs emitted vary between 2 and 180 pg/min
[15]. Stefaniak also states that the VOC levels in both PLA and ABS filaments vary
according to colour [28].

4. Other pollutants in 3D printers

It is normal to find monomers of the individual materials used in filaments of
resins like, for example, styrene [29]. Other contaminants detected in 3D printing are
bisphenol A (BPA), bisphenol S (BPS) (endocrine disruptors), aldehydes, CO2, CO,
S0O2, H2S and CS2 [30].

Ozone levels of 9 pg/m’ were detected in closed 3D printers. The dyes for coloured
filament can contain chromium, nickel, aluminium and other chemicals that could be
emitted during printing, generating reactive oxygen species.

Ozone’ interaction with unsaturated VOCs can change the chemistry of indoor
air by creating reactive products such as carbonyl compounds and secondary organic
aerosols (e.g., aldehydes and ketones) [28].

Printing with nylon material, concentrations of CO, have been determined, higher
than the established limit, in addition to other compounds such as carbon monoxide,
hydrocarbon, ammonia, caprolactam and hydrogen cyanide [27].

In powder metal printers, metals such as aluminium, chromium, nickel, cobalt,
etc., have been detected [27] in concentrations that can become harmful.

Another critical issue is observed in the resin printer when the cleaning alcohol is
mixed with the resin, generating nano plastics with server impact on the environment
if they are not disposed of adequately [31].

Other ancillary chemicals are used in 3D printing; for example, a thin layer of hair-
spray usually is applied to the bed surface to provide a tacky structure and increase
the filament adhesion in the bed. Add the hairspray pollutants (VOCs, resins, bisphe-
nol, etc.) for a correct risk assessment.

Filaments are evolving very quickly; new additives such as inorganic colourants,
metal particles, nanomaterials, metal-containing flame retardants, antioxidants, heat
stabilisers and catalysts, among others, are putting in the environment metals and
other associated pollutants [32].

5. Health effects

The health effects of 3D printing are still not well studied because it is a quite
recent technology, some of the effects could appear with decades of exposure, and
there is not enough information about the 3D printer emissions and the worker’s
exposure; nevertheless, even with few years or days of exposure, there is some bibli-
ography with health effects [33].

Chronic obstructive pulmonary disease (COPD) is a progressive disease that may
start after exposure to vapours, gases, fumes and dust, produced by 3D printers,
which, with continued exposure, can lead to decreased lung function [27].

A case of asthma was detected in a 28-year-old patient after only 10 days of
exposure to pollutants emitted by the ABS filament with 10 printers in operation,
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observing an improvement after the change to PLA filament, reduction in the number
of printers and the use of air purifiers. However, it still required the use of an inhaler
[34]. Aldehydes and ketones, among other carbonyl substances, are linked to the
emergence of asthma [28].

Caprolactam emitted during nylon printing can irritate the eyes and mucous
membranes and cause nervous system alterations [27].

The nanoparticles can penetrate the bronchial tubes producing ROS (reactive oxy-
gen species), being able to cause inflammation and DNA damage and even the ability
to pass directly into the bloodstream, penetrating biological barriers. Aluminium
nanoparticles can cause fibrosis and microcytic hypochromic anaemia. A study of 46
workers in 17 3D printing companies showed that 59% reported respiratory symp-
toms, 20% reported skin symptoms and 17% reported headaches at least once a week
in the past year [35].

Clinical studies by Ljunggren et al. compared welders with metal 3D printing
workers, obtaining very similar parameters [36].

Studies in rats exposed to 3D printing nanoparticles for 3 hours report increased
blood pressure [37]; the pollutants emitted can cause cardiovascular disease and
stroke [38].

Some metals emitted in 3D printing are irritants (aluminium, arsenic, copper, tin
and zinc), asthmagens (chromium, manganese, nickel and vanadium) and potentially
carcinogenic to humans (arsenic, nickel and vanadium) [30].

Lastly, cases of sarcomas have been reported in teachers using 3D printers for at
least 2 years in poorly ventilated rooms, even though the relationship has not been
proven yet [39].

6. Conclusions

There are several studies on pollutants emitted during 3D printing; however,
different criteria and strategies are adopted, so an international standardised method
must be defined so that the results of further studies will be comparable [40, 41].

3D printing can emit contaminants that are potentially dangerous to health, such
as volatile organic compounds, nanoparticles and metals, so precautions must be
taken before working with this technology.

The current legislation on the particulate matter is based on mass concentration
( pg/m3) , establishing limit values for PM10, PM4 and PM2.5, the levels emitted by
3D printing are generally much lower than these values. However, despite not being
legislated, the nanoparticle concentration levels can harm health.

Runstrém et al. did not find dangerous concentrations of contaminants during 3D
printing; however, the 3D printing centres studied had preventive measures such as
extractions and confined printers [11].

In order to minimise the health effects of 3D printing, it is reccommended (among
other measures) that it be confined with an extraction system, using high-efficiency
HEPA filters in the printing room and a good ventilation system in place [42], and
whenever possible, select the lowest possible print temperature.

Because some 3D printer models have a relatively low cost (less than 200 euros), it
is recommended that before buying this equipment, consider places carefully to instal
it. The selected locations should have good ventilation and engineering controls like
localised extraction, avoiding, as far as possible, placing them in closed rooms with
people present.
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Use materials from trusted manufacturers. In recent years, PLA and other fila-
ments with unique colours have been reported made (elsewhere) with chemicals
prohibited in the European Union.

Lastly, it is strongly recommended to carry out VOCs and nanoparticle measure-
ments and air quality surveys.
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Chapter 17

Plasma Nitriding-Assisted 3D
Printing for Die Technology in
Digital Micro-Manufacturing

Tatsuhiko Aizawa, Tomomi Shirvatori and Yohei Suzuki

Abstract

A plasma nitriding-assisted 3D printing method was developed to build up the
micro-punch and micro-die systems. Two dimensional punch head and core-die cav-
ity geometries were ink-jet printed or screen-printed onto the AISI316 and SKD11 tool
substrate surfaces in following their two-dimensional computer-aided design (CAD)
data. The low-temperature plasma nitriding process was utilized to make nitrogen
supersaturation only into the unprinted substrates. The sand-blasting and chemical
etching were utilized to mechanically or chemically remove the printed parts from
punch and die substrate. As sand-blasted and chemically etched AISI316 and SKD11
punches and core-dies were simply finished and used as a die set for micro-embossing,
micro-piercing and micro-punching processes. In particular, a micro-pump was
selected as a miniature mechanical element. Its 3D CAD geometry was sliced to 2D
CAD data for each functional AISI304 stainless steel sheet. A pair of punch and die for
each 2D CAD geometry for constituent sheet was prepared by the plasma nitriding-
assisted 3D printing. Each sheet was punched out by using this set of punch and die to
functionalize each sheet unit in correspondence to the sliced CAD data. These con-
stituent sheets were assembled and joined to a structural unit of micro-pump.

Keywords: micro-parts, micro-tools, 3D plasma printing, 2D screen printing,
micro-embossing, micro-piercing, surface activation, low-temperature joining,
micro-pump

1. Introduction

The additive manufacturing with the use of three-dimensional (3D) printing
method has grown up as a fundamental scheme to fabricate the polymer, the ceramic,
and the metal products with complex geometry [1]. Its feedstock is usually a powder
or a particle with the specially designed alloying elements [2]. These powder materials
are melt by application of high power supply via the lasers [3], the electron beams [4],
and the plasma torch [5]. Since these materials are melt, solidified, and sintered
pointwise within the power hot spot, the resolution in geometry is determined by the
scanning in power supply and the hot spot size [6]. The total configuration of product
in geometry is roughly built up by solidification and sintering processes in these 3D
printing; the finishing step is still necessary to satisfy the design requirement [7].
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Without the high-resolution techniques and material selection, a miniature prod-
uct with strict requirement in dimension is difficult to be yielded by 3D printing, since
its resolution is much lower than the product dimensional requirement. It is also
unsuitable to mass production of parts and devices with complex geometry, e. g.
micro-element for micro-electric mechanical system (MEMS), micro-parts and device
for medical applications, mm-sized punch and die, and miniature mechanical parts
with high-quality proof.

Let us change the normal feedstock for additive manufacturing to the metal and
plastic foils, films, sheets, and plates. Most of them have been utilized as a feedstock of
metal forming and plastic product processing with sufficient proof of strength and
ductility. In addition, relatively wider material selection is available in this new addi-
tive manufacturing with the use of them. Figure 1 illustrates the candidate scheme of
additive micro-manufacturing to build up a micro-pump [8]. The three-dimensional
CAD model of the micro-pump is sliced into a constituent two-dimensional model
with each mechanical function. Except for the PZT unit to drive the micro-pump, its
main unit is divided into an assembly of a grid, a shield, the reservoir plate, two
diaphragm plates and valve plates, and an end plate. The metallic sheets and plates are
prepared as a starting material with the suitable thickness to each constituent part of
micro-pump unit. If the punch and die sets are simply prepared with sufficient
accuracy in dimensions, each part is yielded even in mass production by blanking,
punching, embossing, and piercing these plates as a feedstock.

In the normal die technology [9], the grinding, polishing, and machining processes
are utilized to fabricate the punches and dies. In micro-manufacturing of punches and
dies, the sub-mm and pm-ordered milling tools must be prepared to shape the minia-
ture die substrates. In addition, lots of duration for preparation of Computer-Aided
Machining (CAD) data and actual operations is needed only to fabricate a single
punch even with the microtextures in 10 pm to 100 pm orders. When using the
austenitic stainless steels or tool steels as a die substrate, the surface treatment is also
necessary to strengthen and harden the punch under the severe dry stamping and

| Feedstock: AISI304 sheet with tailored thickness ‘

Plasma printing

Embosing |Punimng| [Punching] | Embassing

| I ' - |

Assembly and Joining I

PZT Reservoir

Diaphragm / Valve
|

l v v Final miniature device

= U

Inlet Outlet
Figure 1.

Advanced additive micro-manufacturing from the foils, films, sheets, and plates as a feed stock to fabricate a
metallic miniature product.
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forging conditions. Hence, it is difficult or nearly impossible to prepare a set of punch
and die for blanking, punching, and embossing processes to yield the constituent
sheets in correspondence to the sliced data of product CAD data.

The plasma nitriding-assisted 3D printing [10] provides a solution to the above
issue of difficulty in the die technology. The positive micro-pattern to the sliced 2D
product model is printed onto the die surface. Its unprinted parts are selectively
hardened by plasma processing to transform the unprinted parts to the significantly
hardened ones in the die substrate. The mechanical and chemical processes are uti-
lized to selectively remove the printed and unhardened parts from the substrate. The
punch and die are directly built up to have the designed punch head and die cavity for
embossing, piercing, blanking, and punching the feedstock sheets and plates to each
constituent element in Figure 1.

In the present chapter, this new additive micro-manufacturing is proposed to fabri-
cate the mm—/sub-mm-ordered mechanical sheet parts with the sliced 2D CAD data of
3D product model by embossing, piercing, and punching processes and to assemble and
join them to a miniature mechanical unit and device. The plasma nitriding-assisted 3D
printing method is utilized as the first step to fabricate the punch and die pair with its
complex head and core geometry from the sliced 2D CAD of product model. This
approach has three merits as a die technology: 1) high surface hardness for long tool life
in stamping and forging, 2) flexible and short-time response to 2D CAD, and 3)
dimensional accuracy in geometry enough to be used in fabrication of products. Since
the austenitic stainless steel and titanium sheets are selected as a feedstock, this high
hardness leads to prolongation of punch and die lives in practical stamping and forging
operations. The tailored complex geometries directly reflect on the punch head and
core-die cavity shapes in much shorter duration than needed in the conventional die
technology. Owing to the autonomous dimensional accuracy in the plasma printing, the
3D-printed punch and die is used after a bit duration in the finishing step.

First, the plasma nitriding-assisted 3D printing procedure is explained in the pro-
cedure from the CAD of cross-meshing pattern to build up the hardened punch with
meshing-textured head. In second, the copper substrate for the plastic packaging of
semiconductors is precisely stamped to have microgroove loops by using the micro-
textured punch after optimum geometry design to minimize the thermal stresses
under the thermal loading in usage of the mold packages. Owing to this optimized
microgrooves, the leak proof is certified in 100%. AISI304 sheets are pierced to have a
micro-valve unit by using the plasma-printed punch and die. A constituent sheet is
yielded when starting from the sliced 2D geometry of the micro-pump model. An
electrical steel sheet is also blanked to have a T-shaped motor core unit by using the
simultaneously plasma-printed punch and die. High burnished surface area ratio is
attained even in the sheared surface by using the as-blasted punch and die. Finally, a
micro-pump unit is produced in trial after the scheme in Figure 1. The pierced
AISI304 constituent sheets by the plasma-printed punch and die are assembled and
joined to a micro-pump unit.

2. Plasma nitriding-assisted 3D printing

2.1 Two-dimensional patterning and texturing

This 3D printing starts from drawing the two-dimensional model after CAD data
onto the tool surfaces as shown in Figure 2a. This printed pattern works as a mask to
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Figure 2.

A normal plasma nitriding-assisted 3D printing procedure. a) Patterning the 2D model of CAD data onto the die
surfaces, b) plasma nitviding the unmasked die, and c) vemoving mechanically, or, chemically etching the printed
parts to leave the 3D-shaped tools.
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prevent the printed tool surface from plasma nitriding as shown in Figure 2b. The
unprinted parts of tool are selectively nitrogen-supersaturated to their specified
depth. Due to their high nitrogen contents, they have selectively much higher hard-
ness and corrosion toughness than the printed tool parts. Through mechanical
removal and chemical etching in Figure 2c, the printed parts are cut off to leave the
designed three-dimensional tool and product configurations in adaptive to the original
2D surface by CAD.

2.2 Two-dimensional printing of CAD data onto tools

Several methods are available to draw 2D CAD data onto the tool surfaces, e.g.
masking [11], inkjet printing [12], screen printing [13], lithography [14], and short-
pulse laser machining [15]. As shown in Figure 3a, the masking plate is first prepared
and fixed onto the tool surface. No actual printing process is necessary; its spatial
resolution is predetermined by the dimensional accuracy of masking plate. The inkjet
printing is feasible to draw 2D CAD data onto the flat and curved tool surfaces as
depicted in Figure 3b. A wider tool surface can be printed. Its resolution is also limited

Masking a) b) Ink c)
film ¢ Ink-jet |/
O O printing <«————— Screen
[ W Film

C [ T T ]
Die Substrate E E

. d) e)
Deposit Short-pulse
' w Laser printing

—_—
= . 1
C [ T T ]
Figure 3.

Five methods to pattern the 2D model of tools onto the die substrate surface. a) Masking, b) inkjet printing, c)
screen printing, d) lithography, and e) laser printing.

Resin
Mask
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Figure 4.
Screen printing of the meshing line pattern onto AISI316 die. a) Screen film with meshing pattern, b) its unit cell,
and c) printed micro-pattern onto the die surface.

by the inner diameter of nozzle. The viscosity of ink influences on the accuracy in
dispensing.

The positive pattern to original CAD data is formed onto the screen as shown in
Figure 3c. In this screen printing, its resolution is determined by the meshing
technique in the preparation of screen films. The lithography is a powerful tool to
draw any patterns with higher resolution in dimension as depicted in Figure 3d. The
trade-balancing must be taken into account between the dimensional accuracy in
CAD and the cost in usage of lithography system. The short-pulse laser machining
also provides a method to make fine drawing onto the thin sacrifice film on the tool
surface as depicted in Figure 3e. Its spatial resolution is functional in the laser
frequency, the laser pulse control, and the film thickness. The original CAD data are
directly transformed into CAM data for laser machining to print the complex geom-
etry in short duration.

Let us use the screen printing method to draw a micro-pattern onto AISI316 die
surface with the area of 10 mm x 20 mm [16, 17]. A screen film was prepared in
corresponding to the meshing pattern in 2D CAD, as depicted in Figure 4a. The ink
penetrates through the black squares to leave the meshing lines unprinted. Its unit cell
is depicted in Figure 4b; the line width is 50 pm and its pitch is 250 pm. Figure 4c
shows the square pattern, printed onto the AISI316 die surface.

2.3 Nitrogen supersaturation into unprinted parts

The plasma nitriding has been widely utilized as a typical surface treatment of
various steels and high chromium alloys as surveyed in [18]. Most of the commercial
nitriding processes, so-called by the ion nitriding (DC nitriding) and the radical
nitriding (DC pulse nitriding), were utilized to harden the steel die materials by fine
nitride precipitate formation in the nitrided layer [19]. After [20], the surface hard-
ness increased above 1000 HV in the DC-plasma-nitrided Fe-19Cr alloy at 773 K for
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57.6 ks. This inner nitriding process at high holding temperature is governed by the
nitrogen diffusion process as analyzed in [20-22]. Hence, high holding temperature is
necessary to sustain the nitrogen diffusion and synthesis of chromium nitride (CrN)
by Cr + N = CrN during the plasma nitriding. On the other hand, the stainless steels
as well as tool steels were nitrogen-supersaturated by the plasma nitriding at 673 K
without nitride precipitation reactions [23-25]. The most different features from the
high-temperature plasma nitriding processes in the above are as follows: 1) surface
hardness increases over 2000 HV, 2) microstructure in the nitrided layer is refined to
have very fine two-phase granular structure, 3) nitrogen solute distributes uniformly
and homogeneously in the nitrided layer with the average content of 4 mass%, and 4)
nitrogen supersaturation accompanies with the significant lattice expansion. In addi-
tion, the nitrided layer thickness turns to be more than 50 pm after plasma nitriding at
673 K for 14.4 ks. This inner nitriding process at low holding temperature is not only
governed by the nitrogen diffusion process but also controlled by the plastic straining.
After [26, 27], the mismatched strains between the un-nitrided and nitrided zones are
induced by the lattice expansion in the nitrogen supersaturation process. Most of
nitrogen solute diffuse through the plastically strained zone boundaries so that the
high nitrogen content is preserved in all the nitrided layer.

When using the printed pattern as a mask in this low-temperature plasma nitriding,
the unprinted parts are only nitrogen-supersaturated to have higher hardness than
1400 HV and more nitrogen solute content than 4 mass% in average. Let us prove this
selective nitrogen supersaturation process by plasma nitriding the printed AISI316 die in
Figure 4 at 673 K for 14.4 ks. As shown in Figure 5a, the square unit cell printed on the
die remains the same as shown in Figure 4b, although the meshing line edges and
corners became dull. Figure 5b depicts the nitrogen solute distribution by the SEM
(scanning electron microscopy)-EDX (electron-dispersive X-ray spectroscopy) analy-
sis. The nitrogen solute is only present in the unprinted regions but not in the printed
regions. This proves that unprinted regions are selectively nitrogen-supersaturated.

2.4 Mechanical removal and chemical etching

The nitrided or unmasked regions have much higher hardness than the hardness of
shooting media in the dry sandblasting. In addition, their corrosion toughness is much
improved never to be in pitting corrosion by using the normal etchant. This difference
in hardness and corrosion toughness between the nitrided and masked regions drives
the selective removal of masked regions from the die substrate by sandblasting or by
chemical etching processes [28, 29].

The nitrided AISI316 die in Figure 5 was subjected to sandblasting. The silica particles
with the diameter of 30 pm and the hardness of 700 HV were used as a shooting medium
for sandblasting. Figure 6 depicts SEM image on the AISI316 die surface after slightly
sandblasting for 300 s. The masked square regions in Figures 4c and 5 were selectively
dug; the nitrided regions became a mesh-textured punch head. To be noticed, the
original 2D boundaries between the nitrided and masked regions changed to the side
surfaces of mesh-textured punch. This proves that nitrogen supersaturation and diffu-
sion processes advances in straight way from the surface to the depth of die substrate to
form the selectively hardened zones in correspondence to the mesh textures.

Figure 7 shows an overview on the sandblasted AISI316 die. The whole die surface
is modified to a mesh-textured punch head. This proves that mechanical removal of
masked region advanced homogeneously so that the mesh-textured punch head has a
uniform height with lower maximum surface roughness than 0.6 pm [30].
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Figure 5.
Meshing pattern-printed on the AISI316 die surface. a) SEM image on the meshing pattern, and b) nitrogen solute
distribution on the AISI316 die surface.

Figure 6.
AISI316 die surface after sandblasting. a) SEM image in low magnification, and b) SEM image on high
magnification.

Figure 7.
AISI316 die with the mesh-textured heads.

2.5 Dimensional measurement and characterization

Three-dimensional surface profiling system was utilized to measure the cross-
sectional profile of mesh-textured die surface along the path in Figure 8a. As shown in
Figure 8b, the clearance between adjacent nitrided pillars was uniformly formed to
have constant depth and width in 80 pm and 250 pm, respectively. Each pillar has the
same height and width of 80 pm and 40 pm, respectively.
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Figure 8.
Three-dimensional die surface profile. a) SEM image on the measurement path, and b) cross-sectional view of
mesh-textured die surface.

3. 3D printing of complex-shaped embossing punch for electronic
packaging

The normal 3D printing has little means to deal with the multi-material product
except for alloyed powders. In the semiconductor packaging, especially in the high-
frequency GaN multi-chip packaging, the copper substrate must be strictly joined to a
packaging plastic mold with sufficient robustness and tightness against the thermal
transient loading [31-33]. The microgroove array to be dug into the copper substrate is
first designed to reduce the thermal stresses in the substrate under the joined state to
plastic mold. The tailored microgroove design is transformed into the embossing
punch by using the 3D printing procedure in second. Fine coining system is utilized to
form the microgroove array by embossing the 3D-printed punch. This copper sub-
strate is mechanically joined with the plastic mold for packaging. These packages are
subjected to thermal transient loading test for tightness proof in the actual thermal
transients.

3.1 Topological design on the microgroove array in the mold packaging

The high-power and high-frequency semiconductor unit with alignment of several
gallium nitride (GaN) chips is packaged by joining the copper substrate with the
plastic mold. As illustrated in Figure 9, both are mechanically joined through the
microgrooves in the inside of copper substrate. Considering that thermal stresses are
induced into the substrate during the thermal transient loading in operation, the
topology of microgrooves must be optimized to reduce the thermal stress level in the
inside and outside of joined area.

Plastic mold Micro-groove
network

Figure 9.
A schematic view on the cross section of copper-plastic mold package.
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Figure 10.
Comparison of the thermal stress distribution between the normal microgrooved package and the optimally tailoved
package.

When using the simple linear loops of microgrooves, the thermal stress is enhanced
to be high even in the inside and outside of joined interface to make distortion of chips
and gold pins. This simple topology in Figure 10a is redesigned to a new configuration
with continuous and discontinuous loops. As shown in Figure 10b, no significant
stresses are observed both in the outside and inside of jointed interface. The continuous
loops prevent the inside area from high thermal stress state; the discontinuous loops at
the four corners of substrate preserve the low stress state even at the edges of substrate.

3.2 3D printing procedure

This tailored topology of microgrooves is cut in by using the plasma nitriding-
assisted 3D printing procedure. After the general scheme in Figure 2, the screen film
was prepared to print the two-dimensional CAD data of microgrooves onto the
AISI316 die. Figure 11a depicts the 1/4 corner of screen-printed CAD data on the die.
Two discontinuous loops (A and B) are placed at each corner of die in addition to
three families of continuous loops {(C, D), (E, F, G), (H, K)} from the outside to the
inside of die. As explained in the session 2, the black area in Figure 11a corresponds to
a screen-printed mask and the white lines are left as an unprinted area. Figure 11b
shows the SEM image on the die surface just after nitriding. As already demonstrated
in Figure 5, the nitrogen solutes are supersaturated only into these discontinous lines

Figure 11.

Plasma nitriding-assisted 3D printing from CAD data on the optimum microgroove topology to the 3D-printed
embossing punch. a) Original topology design on the screen film, b) SEM image on the AISI316 die after nitriding,
and c) nitrogen element mapping on the die surface.
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Figure 12.
A plasma-printed AISI316 punch for embossing. a) Overview of the embossing punch, and b) its cross-sectional

profile along A-B.

(A’, B) and three continuous loops {(C', D), (E’, F/, G’), (H', K)} in Figure 11c.
This also proves that the original tailored topology design is transformed to the
nitrogen-supersaurated lines.

3.3 Fabrication of embossing punch with the tailored topology

The sandblasting was utilized to mechanically remove the printed regions from the
die substrate in correspondence to Figures 68 in the Section 2. Figure 12a depicts the
AISI316 die after sandblasting for 300 s. The discontinuous loop heads and three
families of continuous loop heads are automatically formed by the 3D printing as
depicted in Figure 12a. Let us investigate the height profile of continuous loop fami-
lies along A-B in Figure 12b. The bottom line of punch heads is common among them;
the printed regions of die is uniformly removed by the sandblasting. The punch heads
have homogeneously the height of 70 pm and the width of 60 pm, respectively.

3.4 Fine coining into copper substrate using the 3D-printed punch

The multi-head punch in Figure 12a was utilized for micro-embossing of the copper
substrate plate with the size of 22 mm x 12 mm x 1t mm. The CNC (computer
numerical control) stamping system (ZEN; Hoden-Seimitsu, Yokohama, Japan) was
used for this precise embossing. Figure 13a depicts the embossed copper plate with
microgrooves. As compared between Figures 12b and 13b, this microgroove texture
is just corresponding to the multi-head pattern in the punch. The average
microgroove depth is 50 pm and its width is 60 pm. Since its profile is transcribed by
embossing the multi-head configuration in Figure 12b, its side walls are steeply formed
against the substrate surface. This steep microgrooving configuration has influence on
the robustness in mechanical joining between the plastic mold and the copper substrate.

a) £ ® b)

0.0 02 04 06 08 1.0 L2 14 L6
Distance, D /mm

Figure 13.
A pure copper plate embossed by using the plasma-printed punch. a) Overview of the embossed copper plate, and
b) its cross-sectional profile along A-B.
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Figure 14.
A plastic mold package with joining the copper substrate plate through the microgrooves.

3.5 Evaluation on the mechanical integrity of joined package

Twelve package specimens were prepared to evaluate their mechanical integrity by
thermal transient loading and reflow testing. This testing procedure consists of three
steps: 1) baking test at 398 K (or 125°C) for 24 h, 2) humidity test at 273 K (or 0°C) at
60% RH for 192 h, and 3) reflow testing at 533 K (or 260°C) for three cycles. A typical
package specimen was depicted in Figure 14. The terminals were also housed into the
specimen.

No leaks were noticed among 12 specimens; this demonstrated that perfect tight-
ness can be accommodated to this packaging by using the 3D-printed microgrooves
onto the copper substrate. Let us evaluate on the cost-competitiveness to the present
manufacturing. In the normal laser processing, the CAM (computer-aided
manufacturing) data must be built up before laser machining; this time reaches 36 ks
for calculation of paths, editing the data and checking them. Excluding the setup time
for laser path control, the actual processing time is accounted to be 150 s per each
machining step. In the present procedure, the screen printing time to die surface is
300 s, the plasma nitriding processing time including the heating and cooling dura-
tions is 18.0 ks, and the sandblasting time is 300 s. The coining process by stamping
requires 10 s per a copper substrate. The total setup time for laser machining is
reduced in half by the present 3D printing. The actual laser machining time is short-
ened by 1/15. Consider that N copper substrates are processed to compare the real
processing duration between two. In the normal laser machining, the duration is
estimated by 150 x N s. On the other hand, the punch in Figure 12a is prepared to
have N modules without excessive increase in the same manner as shown in the above.
The total duration is nearly the same as 10 s. That is, the cost-competitiveness to the
present procedure for multi-substrate fabrication is enhanced by 15 x N.

4. 3D printing of complex-shaped punch for piercing

The micro-parts and micro-tools must have functional geometries in their inside
[34]. Figure 15 depicts the CAD data of micro-valve to push up the liquid matter by
the circular pendulum with three U-shaped springs. In particular, this U-shaped
spring has accurate dimensions to satisfy the tailored elastic stiffness. The plasma
nitriding-assisted 3D printing was utilized to build up the complex-shaped punch to
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Figure 15.
A micro-valve design as a unit functional sheet of micvo-pump. a) AISI304 sheet with a through-hole and a valve
section, and b) detail structure of micro-valve unit.

yield this valve sheet [35, 36]. This piercing punch was shaped after the general
procedure in the Section 2. The core-die was directly shaved by using the hardened
punch head into the die substrate. The mechanical finishing step was utilized to build
up the narrow clearance between the 3D-printed punch and its shaved core-die. This
pair of 3D-printed punch and shaved core-die was utilized for piercing the AISI304
sheet with the thickness of 0.05 mm to accommodate the micro-valve into the sheet in
corresponding to CAD data as shown in Figure 15 [37].

4.1 Plasma printing of piercing punch

The plasma nitriding-assisted 3D printing procedure to fabricate the piercing
punch was illustrated in Figure 16. The inkjet printing was utilized to draw the CAD
data of micro-valve geometry onto the AISI316 punch surface as shown in Figure 16a.
This punch was plasma-nitrided to selectively nitride the unprinted punch surfaces as
shown in Figure 16b. The nitrided punch was sandblasted to remove the printed parts
mechanically and to make near-net shaping of punch head as shown in Figure 16c¢.
After the schematic steps in Figure 16, the inkjet printer (Mimaki, Tokyo, Japan) was
utilized to draw the two-dimensional pattern onto the punch surface as depicted in
Figure 17a in correspondence to Figure 16a. This printed punch was subjected to the
plasma nitriding process to harden selectively the unprinted surfaces as shown in
Figure 17b, corresponding to Figure 16b. The sandblasting was further employed to
remove mechanically the soft parts. Figure 17c reveals that the complex-shaped
punch heads are formed in fairly good reproduction of CAD data as shown in
Figure 16c.

4.2 Fine piercing of AISI304 sheets

The plasma-printed punch and the shaved core-die were utilized to punch out the
AISI304 stainless steel sheet with the thickness of 50 pm. CNC stamping system
(Komatsu-Seiki-Kosakusho, Nagano, Japan) was employed in this punching process.
Figure 18 depicts the SEM image on the pierced micro-valve unit into the AISI304
stainless steel sheet. Comparing this with the CAD data in Figure 16a, the micro-valve
unit is fabricated in exclusively negative to the CAD data for punch head in
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High Hardness

Figure 16.
Plasma nitriding-assisted 3D printing scheme to fabricate the piercing punch. a) Inkjet printing step onto the
punch top surface, b) low-temperature plasma nitriding step, and c) sandblasting step.

-40 pm

Figure 17.
Plasma nitriding-assisted 3D printing proceduve to fabricate the piercing punch. a) Inkjet printing, b) plasma
nitriding, and c) sandblasting.

500um

Figure 18.
AISI304 stainless steel sheet with a micro-valve.

Figure 16a. This assures the dimensional accuracy of this plasma nitriding-assisted 3D
printing to accommodate the functional units into the metallic sheets or films. To be
noticed, a set of functional units can be punched out by using this 3D-printed punch
with the shaved die.
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5. 3D printing of complex-shaped dies for punching

Let us develop the other way to simultaneously fabricate a pair of punch and core-
die for precise punching. Various mechanical parts have two-dimensional product
shape such as the spur gears and wheels, the metallic belts, and the motor cores. In
particular, a motor core consists of complex-shaped electrical steel sheets as a two-
dimensional product. Then, each sheet has to be accurately punched out by stamping
or forging [38]. The final motor core shape is controllable by joining or laminating the
same constituent blanked sheets [39]. The plasma nitriding-assisted 3D printing is
advanced to simultaneously fabricate the punch and core-die to punch out the fine
blanked electrical steel sheets with sufficient accuracy in dimension [40].

5.1 Simultaneous plasma printing of punch and die

Every step starts from the same CAD data of product shape. In the present section,
the CAD data for the T-shaped electrical steel sheet unit in Figure 19a is common to
the whole steps in the plasma nitriding-assisted 3D printing process. In the procedure
to fabricate the punch, the negative pattern to these original data was screen-printed
onto the AISI316 substrate. On the other hand, the positive pattern was also screen-
printed onto the substrate for fabrication of a core-die, as depicted in Figure 19b. In
the subsequent plasma nitriding and sandblasting steps, both printed substrates were
subjected to the same treatment. The T-unprinted part is selectively nitrided, and
other parts are automatically removed from die substrate as depicted in Figure 19¢
and d. The piercing punch with the T-shaped head is fabricated by this 3D printing.
While, other die substrates than T-printed part is selectively nitrided so that T-shaped
part is automatically removed from die substrate also in Figure 19c and d. Then, the
piercing core-die with the T-shaped cavity is fabricated by this 3D printing. To be
discussed later, the clearance between the 3D-printed punch and core-die is deter-
mined by the dimensional tolerance in CAD data.

5.2 Plasma nitriding-assisted 3D printing of AISI316 punch and core-die

After the schematic procedure in Figure 19, AISI316 punch and core-die are
simultaneously fabricated to demonstrate that a pair of special tools for fine stamping
and forging is automatically yielded from the original CAD data.

Design and 2) After b) After ° After d)
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Preparation Plasma Nitriding Sand Blasting
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Figure 19.
Simultaneous plasma nitriding-assisted 3D printing proceduve to fabricate the piercing punch and core-die.
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Figure 20.
Comparison of the plasma nitriding-assisted 3D printing procedures to simultaneously fabricate the T-shaped
AISI316 punch and the T-shaped AISI316 core-die.

In corresponding to the screen-printing step in Figure 19b, the negative region
to T-shaped model is all printed in Figure 20a, and the T-shaped region is only
printed onto the substrate surface in Figure 20a’. Both AISI316 substrates are
plasma-nitrided together at 673 K for 14.4 ks. The unprinted T-shaped surface is
selectively nitrided in Figure 20b, while the printed T-shaped surface is selectively
un-nitrided in Figure 20b’. Both nitrided AISI316 substrates are sandblasted to
remove the softer parts of substrates than the hardness of shooting media. As shown
in Figure 20c, other parts of substrate than T-shaped region are removed to leave the
T-shaped punch head. On the other hand, the T-shaped region is exclusively dug and
removed from the substrate to leave the T-shaped die cavity as depicted in
Figure 20c’.

Three-dimensional profilometer was utilized to measure the T-shaped head of
punch in Figure 20c and the T-shaped cavity of core-die in Figure 20c’. As shown in
Figure 21a, the T-shaped head has uniform height of 350 pm and other surface is
homogeneously ground by the present 3D printing. That is, the AISI316 punch is
fabricated after the printing scheme in Figure 19 to have a T-shaped head with
uniform height. On the other hand, the T-shaped cavity is uniformly dug by 350 pm in
depth; the cavity walls have steep gradient against the die surface in Figure 21b.
AISI316 core-die is fabricated to have a T-shaped cavity with the uniform depth in
correspondence to the T-shaped punch.
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Figure 21.
Comparison of three-dimensional profile between the T-shaped punch head and the T-shaped core-die cavity.

Among several cross sections from A-A’ to F-F' in Figure 21a and from a-a’ to {-f
in Figure 21b, the cross sections of F-F' and f-f” were selected to describe the three-
dimensional profile of T-shaped punch head and die cavity.

As compared in Figure 22, the T-shaped punch head and die cavity has uniform
height of 350 pm and uniform depth of 350 pm with small roughness. The punch head
and die cavity side surfaces are steeply formed to be perpendicular to the punch head
and cavity bottom surfaces, respectively. The punch edge width and die cavity edge
width are 15 pm and 20 pm, respectively. These dull edges influence on the shearing
process in piercing process.

The clearance between the punch head and die cavity is an essential parameter
with significant influence on the product quality through stamping and forging and on
the shearing behavior [41]. In the present 3D printing, no tolerance for clearance
control was performed in CAD; the effective clearance is autonomously determined
by the accuracy in the plasma printing steps. Let us describe the allowable clearance
by three-dimensional profiling on the cross sections along A-A’ to F-F' and a-a’ to f-f.

Table 1 compares the original CAD data on the edge lengths with the measured T-
shaped punch and core-die dimensions along A-A’ to F-F’ in Figure 20a and a-a’ to {-f’
in Figure 20b, respectively. In the plasma printing step of T-shaped punch, the
dimensional deviation per the punch edge length ranges from - 3% to +0.2%. This
printing of punch accompanies with negative tolerance. On the other hand, the edge
length of T-shaped core-die deviates from +0.5% to +5% per the core edge length. The
printing of core-die accompanies with positive tolerance. Hence, the clearance is

A-A’ B-B c-c¢ D-D’ E-F’ F-F G-G’ H-H'
a-a’ b-b’ c-c’ d-d’ e-e’ f-£ gg h-h’

Screen (mm) 2.0 2.0 10.0 1.0 1.0 6.5 35 7.0

T-letter punch (mm)  2.001 1.991 10.001 0.978 0.971 6.512 3.476 6.990

T-letter core-die 2.023 2.039 10.045 1.047 1.039 6.531 3.561 7.073

(mm)

Clearance (mm) 0.011 0.024 0.022 0.034 0.035 0.0095 0.043 0.0415
Table 1.

Comparison of the geometric accuracy among the CAD data, the measured T-shaped punch, and cove-die
dimensions and the calculated clearances.
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Comparison of the three-dimensional profiles between the T-shaped punch head and die cavity at the cross section
along F-F' in Figure 21a and f-f in Figure 21b.

determined by the sum of two tolerances; the maximum clearance reaches +3.5% in
Table 1.

5.3 Fine punching of electrical steel core unit sheets

The CNC stamping system (Precise Metal Forming Laboratory; Hachi-Oji,
Japan) was utilized for punching out the electrical steel sheet with the thickness of
200 pm by using this T-shaped punch and die pair. Figure 23 depicts the pierced
electrical steel core sheet and its skeleton. No distortion was observed on both
sheets; this pair is useful in continuous punching operations for mass production.
As shown in Figure 24, the burnished cross-sectional surface area reaches 70%
just in correspondence to highly qualified sheared surface with much lower
clearance in [38].

+—— S mm

Figure 23.
The pierced electrical steel core unit and its skeleton.
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Burnished Surface

Figure 24.
SEM image on the sheared surface of pievced electrical steel sheets along F-F' in Table 1.

6. Production line for fabrication of micro-pumps with aid of 3D printing

Most of medical tools and devices must have sufficient durability to be free from
damage and risk of failure [42]. A micro-pump has to equip the sufficient leak proof
against the pressurized blood, the drug solution, the liquid food, and so forth, never to
splash them even into the human body [43, 44]. In addition to the original strength
and toughness of its constituent materials, it has sufficiently high joining strength
among these constituent units and parts.

In this section, the mother AISI304 sheet with the thickness of 50 pm is punched
out by using each plasma-printed punch and die pair to fabricate each constituent
sheet unit with the accommodated function [45]. Several to ten sheet units are
assembled and joined to a micro-pump. The punching process of constituent sheet
units and their assembling and joining processes work in parallel as a production line
[46] as illustrated in Figure 1.

6.1 Production line design for fabrication of micro-pump

A production line was designed and developed after the scheme in Figure 1 to
make 3D printing of the micro-pump from the AISI304 austenitic stainless steel sheets
as a feedstock. A whole procedure is shown in Figure 25. This system mainly consists
of two subsystems. The sliced 2D CAD data from the original product 3D model of
micro-pump unit is transformed into the punch head and die cavity by the plasma
nitriding-assisted 3D printing. Each plasma-printed punch and die is utilized in
blanking, embossing, piercing, and punching the AISI304 sheet with the tailored
thickness. The assembly of the blanked, embossed, and punched-out sheets, is
polished and cleaned by the argon and hydrogen plasmas. Through the bombardment
by argon ions and the chemical reduction by activated hydrogen atoms, the thickness
of passive oxide film on the work surfaces is reduced or removed to lower the joining
temperature. Under the inert atmosphere, the cleaned and polished assembly is
stacked into a preform with laminated work sheets and joined by hot stamping with
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Figure 25.
Production line for micro-manufacturing of micro-pump from the feedstock of AISI304 sheets.

the use of high-frequency induction heating (HFIH) units. Four micro-pump units are
produced by this procedure in a single shot.

In the same manner as explained in the sections 4 and 5, the finished set of punch
and die is utilized to blank, emboss, pierce, and punch out the AISI304 sheet with the
selected thickness from 200 pm to 10 pm, respectively. The shaped sheet is set as an
assembly and transferred to the plasma activation and HFIH joining system.

6.2 Plasma polishing and cleansing of AISI304 sheet unit assembly

The normal hot-pressing in the nitrogen or argon atmosphere was effective to
join the stacked sheets. However, the joining performance is completely governed
by the separation of oxide layer through the oxygen atom diffusion into the matrix
[47]. Since the onset temperature of oxide layer separation is around 1223 K (or
950°C), the joining temperature is estimated to be 1250 K. This holding tempera-
ture in hot pressing is possible to induce the thermal distortion to disturb the
dimensional accuracy and the damage to stainless steels. Hence, the pretreatment
before joining is needed to reduce the oxide layer thickness and to lower the
holding temperature for joining.

In the present study, the argon and hydrogen plasma activation process was
utilized to clean and polish the top and bottom surfaces of constituent sheets in the
assembly. As shown in Figure 25, the oxide layer thickness was reduced by the
bombardment of argon ions and the chemical reduction reaction via MOy + 2H =
M + xH,0 (M: Fe or Cr) in the plasma sheath. Figure 26 compares the variation of
peeling strength with increasing the holding temperature for joined specimens with
and without the plasma surface activation.

At Ty = 1043 K (or 770°C), the peeling strength of joined specimens with plasma
activation becomes nine times higher than that without plasma activation. This proves
that the passive oxide layer thickness of AISI304 stainless steel sheets is reduced
enough to significantly improve the joining strength.
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Figure 26.

Variation of the peeling strength (W) with increasing the joining temperature (Ty) for the joined specimens at
30 MPa for 1.8 ks with and without plasma activation in the plasma polishing and cleansing process.

6.3 Low-temperature joining of assembly to micro-pump part

The sufficient joinability is essential to certify the proof of mechanical integrity for a
micro-pump in practical operation [48]. The higher peeling strength than 100 N is a
necessary condition for this integrity proof as an essential mechanical engineering item.
In addition, the fractography [49] on the peeled interfaces between the stainless steel
sheets provides a material science tool to validate the sufficient joinability. In general,
the brittle fractured surface is characterized by the smooth surfaces with little micro-
voids [50]. On the other hand, the ductile fractured surface consists of the micro-
dimples and micro-voids [51]. Hence, the integrity of joined surface is investigated by
the fractography on the peeled surface. Figure 27 compares the SEM image on the cross
section of joined specimens at 1073 K for 1.8 ks by 30 MPa with and without plasma
activation as well as their fractography. In the joined specimen without plasma activa-
tion, the boundary between the joined sheets is distinguished by each granular micro-
structure. The peeled-out interface is flat including little micro-voids. While, in the
joined specimen with plasma activation, the recrystallized grains are seen on the sheet
boundary. Two adjacent stainless steels are joined to form new grains across the previ-
ous interface boundaries. The whole peeled-out surface consists of the micro-dimples
and micro-voids. They were formed by the ductile fracture during the peeling test. This
difference assures the high joinability on the interfaces of stainless steel assembly.

7. Discussion

The present plasma nitriding-assisted 3D printing has three merits superior to the
traditional die technologies by mechanical milling [52] and laser machining [53]. As seen
in comparison between the CAD data and the punch head and die cavity in Figures 11,
17, and 20, their geometric configuration is just corresponding to the CAD data.

This assures that any punch and die can be fabricated through the duplication of
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Figure 27.
Comparison of the SEM image on the microstructure of joined interface in low and high magnifications between the
Jjoined specimens at 1073 K by 30 MPa for 1.8 ks with and without plasma activation.

two-dimensional CAD in the present approach. In particular, the clearance between the
punch head and die cavity is autonomously determined by the present plasma printing.
This first merit is effective to build up the complex-shaped punch and die as well as the
multi-head punch and multi-cavity die for mass production of mechanical parts [54].

Higher hardness than 800 HV in the plasma-printed punch and die substrates
becomes the second merit for die technology. Since the lower hardness parts are
removed by sandblasting, the punch head and die surface are proved to have much
higher hardness than their mother substrate materials by plasma nitriding. Various
stainless steels and tool steels are available as an original substrate material for this
plasma printing [55].

The autonomous formation of steep side surfaces in the punch and die turns to be
the third merit to prepare a die pair for embossing, piercing, and punching processes as
shown in Figures 12, 17, 21, and 22. In particular, this merit works well in fabrication of
sub-mm and sub-100 pm-sized products by stamping with the use of plasma-printed
punch and die pair [56]. As noticed in Figures 22 and 25, the punch and die edges must
be sharped to improve the shearing behavior in embossing, piercing, and punching
processes. At first, the plasma-printed punch and die might well be ground to reduce
their edge widths of 15-20 pm down to a few pm. Then, an ion milling is employed to
finish the edge width down to 1 pm or less than. As reported in [57, 58], the edge-
sharpened punch and die with higher hardness than 1000 HV by the plasma nitriding
has a capacity to improve the quality of sheared surfaces without loss of die life.

In the present 3D printing method, its dimensional accuracy of products is first
determined by the spatial resolution (D) in drawing the 2D micro-pattern onto the die
substrates. As depicted in Figure 2, the metal masking, the inkjet, and screen printing
are only available to micro-patterning with D > 10 pm. When aiming at fine resolution
for D < 10 pm, the lithography and the laser masking techniques are only available in
this method. As reported in [59, 60], the normal maskless lithography was used to
prepare the complex-shaped micro-patterns by D = 0.5 pm for plasma-printing the
multi-head DLC (Diamond-Like Carbon) punches and the micro-nozzles. In order to
improve the spatial resolution toward D < 1 pm, these two methods must be
advanced together with suitable selection of inks, resins, and metallic deposits.
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Owing to the principle of plasma nitriding assistance in this 3D printing, the whole
surfaces of punch head and die cavity are hardened and enriched by nitrogen solutes
in high content. After [61, 62], they have sufficient wear resistivity and corrosion
roughness to be working in long-term usage of mass production. In addition to the
titanium and titanium alloy sheets with high chemical affinity to die substrate mate-
rials [63], the thermoplastic plastic sheets are embossed, pieced, and punched to the
constituent element of micro-parts by using the plasma-printed dies [64].

In the additive sheet manufacturing, the low-temperature joining process plays an
essential role to reproduce the tailored micro-pump unit after the 3D CAD model with
sufficient integrity proof. High interfacial strength by ductile joining among the sheet
interfaces assures the leak proof to be working at the specified operation conditions
for the designed product life. When this proof standard is relaxed, other joining
methods are also available in the present additive sheet manufacturing. Among them,
the mechanical clinching method [65] provides the elasto-plastic interlocking between
adjacent sheets with sufficient interfacial strength. This pointwise joining has no
rooms of leak proof against the fluids and solutions. The mechanical anchoring
method [66] also becomes a suitable joining of dissimilar plastic sheets into a product
with sufficient strength and water proof in addition to the joining of plastic mold with
the metallic substrate in the Section 3.

A micro-pump was produced in two-step procedure. At first, its constituent stain-
less steel sheets are punched out by using the plasma-printed punch and die in
correspondence to the 2D sliced data of its 3D model. In second, these punched-out
sheets are assembled, plasma-cleaned and polished, and HFIH-joined to yield the four
micro-pump units. Most of MEMS units are produced in the same manner. In partic-
ular, the pendulum in the micro-valve in Figure 18 has no risk of local distortion and
no hot adhesion to other sheet parts in wrong. This allows us to design various inner
spaces for device movement in the MEMS.

The micro-inspection units [67] are a typical micro-part, working in vitro. They
consist of several functional subunits including the micro-fluidic unit to control the
chemical reaction rates for inspection, the micro-reservoir unit to control the pressure
in the micro-channel flow, and so forth. Each subunit consists of two or three AIS304
stainless sheets shaped by the present printing process. The micro-injectors [68]
embedded in vivo into deceased parts of body are also fabricated by the present 3D
printing for local drug delivery and for curing the local tissue.

8. Conclusion

The plasma nitriding-assisted 3D printing was proposed to fabricate the complex-
shaped punch and die for fine embossing, piercing, and punching processes and to
yield the functionalized constituent sheets by using the CNC stamping. Through the
embossing process, the tailored microgroove array is accommodated to the copper
substrate for mechanical anchoring of the plastic molds in the leak-proof packaging.
Through the piercing process, the micro-valve unit is housed into the stainless steel
sheet for functionalization of sliced 2D CAD data from 3D solid model of micro-pump.
The electrical steel sheets are punched out to yield the T-shaped motor core units for
assembly to a motor core by mechanical joining or mechanical anchoring. These sheet
elements with functional units for sliced 2D model are plasma-cleaned and polished
and joined at low temperature to build up the micro-pump unit in correspondence to
the original product model.
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The design flexibility is preserved by transformation of the 2D CAD data to the
constituent metal or polymer sheet through the embossing, piercing, and punching
processes with the use of plasma-printed punch and die. The hot stamping, as well as
the mechanical joining, is useful to integrate the discrete functionalized sheets into a
continuous micro-element and part. This 3D printing with the use of metal and
polymer films, sheets and plates as a feedstock, provides a new way of additive micro-
manufacturing to yield the MEMS units with high mechanical integrity and the med-
ical tools to be working in vitro and in vivo.
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Chapter18

Fashion: From 3D Printing to
Digital Fashion

Maria Victoria Rocha

Abstract

Our scope is to emphasize the massive changes brought about by 3D and 4D
printing in the fashion world (now connected with augmented reality and virtual
reality) by addressing the concept of 3D printing and explaining when and how
it started to develop in fashion, becoming the sewing machine of the twenty-first
century. It has allowed for great changes in the fashion industry, namely the appear-
ance of more sustainable, and customized apparel and accessories, simpler logistics
and less transaction costs. This requires increased creativity, because it demands
the cooperation of specialists from many different areas. New and before deemed
impossible shapes have arisen. The final idea of prosumer and its meaning is before
us. If we add 4D printing, that is, “intelligent” materials, 3D printing enters our day
lives, with wearables and smart clothes. All this raises questions regarding copyright
and industrial property protection and possible infringement in those areas. Current
4D products also raise questions regarding personal data protection. We will address
how to protect intellectual property and personal data in this world of digital fash-
ion, where augmented and virtual reality play a roll of increased importance.

Keywords: fashion law, 3D printing, 4D printing, augmented reality, virtual reality,
metaverse; copyright, industrial property, personal data

1. Introduction

Three-dimensional (3D) printing includes several additive manufacture technics,
toward a new era of production and consumerism, based on the “make it yourself,”
thus the expression prosumer (producer and consumer).' Three-dimensional printing
allows manufacture of apparel, wallets, footwear, and accessories on demand, near
the distribution chains, lowering the costs of transport and storage. These fashion
items can be almost immediately obtained and customized and achieve creative forms
not possible before and in a much more sustainable way because there is almost no
waist. Such technology exists for about 40 years but is always evolving and did not
enter the fashion industry until 2009, when pioneer Dutch stylist Iris van Herpen
started to use it in a regular basis. Before, plastic materials used in 3D were too stiff
and inappropriate for fashion [1].

! This work is part of the projectI + D + i PID2020-112707GB-100, MODA Y BIENES INMATERIALES,
financed by MCIN/AEI/10.13039/501100011033.
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What is common in 3D technique is the creation of a computer file with the
desired shape (Computer-Aided Design file), which passes on to a 3D printer. The most
used format of the CAD file is.stl. The file can be obtained by several means, namely
by creating the object using 3D software, by 3D scanning an existing object, or using
3D sharing websites.

Three-dimensional printing is an additive manufacture technique, usually layer
by layer, thus more sustainable with much less waist and costs. Today, almost all
materials can be used, even biological ones, and the technique allows to recycle the
3D-printed apparel, footwear, wallets, and accessories, and even to reuse plastics that
pollute the seas. 3D allows the user to customize any piece.

Four-dimensional printing (4D) is more recent, and it adds to the 3D technique
the use of “intelligent” materials, programmed to adjust to the changing needs of
the user, like hydrogel, polymers with memory shape (PMF), and liquid crystal
elastomers (LCE). The difference between 3D and 4D has to do with the difference of
materials. Three-dimensional (3D) uses traditional materials, while 4D uses pseudo-
intelligent materials printed in 3D.

In the last years, 4D technology has been increasingly used in wearables and smart
clothes. Examples include apparel and footwear that can adapt to the body of the user
and can change with movement, adapt to possible impacts, temperature changes,
among others. The Covid-19 pandemic led to very interesting solutions and, even
more, accelerated the interest in totally digital fashion items.

Wearables and smart clothes use technology that offers the user new and distinct
functionalities, making everyday life more practical [2]. Examples of wearables
include: (a) wristbands that monitor exercise, linked to an app, allow, among others,
to count the steps, and monitor heart rate, vital parameters, sleep cycles, and calories
burned; (b) although more recent, sunglasses, pendants, earrings, and rings, which
incorporate technologies are used as physical status trackers, stress managers, and
step counters; (c) smart watches that, in addition to showing the hours, provide all
the services of smart wristbands and many connect to the user’s smartphone, making
it possible to make payments, thanks to the embedded chips, see messages, answer
calls, and control music through music apps compatible with these devices.

Many smart clothes are created also considering sustainability and compromise
with the environment, using sustainable materials, reusing, and recycling the items.
The examples go from sportswear to luxury apparels, baby clothes, college uniforms,
and more. Examples of smart clothes include: (a) Start up BeClothed created intel-
ligent underwear with a silver compound that eliminates bacteria responsible for
bad smell, so the underwear can be used without getting dirty or smelling and does
not need to be washed [3]; (b) MOxATech is Portuguese invented mask with an
impermeable fabric that integrates waterproof and reusable covers, as well as a coat-
ing that inactivates the Covid-19 when it comes into contact with it [4]; (c) Italian
Cliu Mask has a Bluetooth system, sensors, and algorithms, connected to an app in
the smartphone of the user that gives information about the quality of the air, heart
rate, and existence of some corona virus outbreak in the vicinity. With a disinfection
system based on ultraviolet light, the mask allows to eliminate any virus it scansin a
few minutes. It is a transparent mask because of people with hearing problems [5]; (d)
Harvard and MIT also invented masks that, thanks to intelligent sensors, recognize the
genetic code of the Covid-19 virus and light up when in contact with particles of the
virus. This was a preventive solution for contacts with asymptomatic people. Similar
masks are Leaf Mask, Flat Tube Energy, or TrioMed Active Mask ([2], p. 402); and
(e) during the pandemic, Anouk Wipprecht created the “Proximity Dress” with many
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sensors that allow the dress to stretch creating a barrier if someone approaches, thus
identifying the infringement of the mandatory safe distance due to Covid-19 .

There are devices with numerous functions, for example, clothing that tells if you
have been in the sun too long, the distance you have traveled, speed, calories burned,
or even devices that charge the phones or other electronics. Some include geolocation
systems, fingerprints, or built-in facial recognition cameras that enable the control
and location of their wearer ([2], p. 402).

Garments, footwear, wallets, and accessories with 3D and 4D technology may be
protected by copyright and industrial property rights, and especially 4D items may
raise problems related to the protection of personal data. In these cases, rules and
regulations on personal data protection must be fulfilled with particular care.

2. Changes in fashion industry caused by 3D printing

Technology is evolving ever so rapidly that almost everything may be printed in 3D,
in all sorts of materials and at low prices. If 3D and 4D fashion items are cheaper and
more practical in daily life, this technology will continue to evolve. Currently, there are
many designers involved in 3D and 4D in fashion industry. There are several platforms
online where the user may buy 3D and 4D items, mainly in relation to clothes, wallets and
purses, footwear, wearables, smart clothes, and accessories. There are several 3D plat-
forms where it is possible to print the 3D CAD designs when the designer does not have a
proper 3D printer, because it is too expensive. It is predictable that in the future many will
have the economic capacity to buy a good 3D printer and print the CAD file designs from
home. The fashion industry has to adapt, namely selling CAD files in a way that will allow
users to print authentic item, not counterfeited, instead of buying them in physical stores
on online stores. It is desirable that fashion companies will be associated with 3D or 4D
printing platforms that may provide legal CAD files, allow customization by each user,
and provide 3D or 4D printing services. This is a new paradigm in fashion industry.

2.1 Return to tailor-made

Thanks to 3D printing we may move from a fashion industry almost all based on
prét-a-porter to a tailor-made one. Three-dimensional (3D) printers are the sewing
machines of the twenty-first century. The items are made according to the body and
taste of the user. Prototypes rapidly become the end product. Three-dimensional
(3D) fashion modeling is like architecture. One makes 3D scans of the measures and
with the software makes the creation, being able to use unbelievable shapes. Cristiano
Ronaldo, for example, has 3D-printed Nike soccer boots, customized according to
medical advice regarding the weak points of his legs, knees, and feet. Patterns of inju-
ries are detected, and the boots are designed to avoid them. The 3D soccer boots are
lighter, totally customized, flexible, and completely adapted to the player’s needs and
taste ([1], p. 137; [6]). This happens with many important players of various sports.

In the autumn/winter 2018 collection, Demna Gvasalia, creative director of
Balenciaga, used 3D scans of the bodies of the models and a CAD program to reach
the desired tailoring. Tweeds and velvets were glued to light foam to create almost
finished 3D-printed coats ([1], p. 137).

XYZ created the famous InBloom dress using an Ultimaker 3D printer, with PLD
plastics. It is gorgeous, took 480 h of printing, has 1.7 kg of flexible plastic filaments,
and seems a lace dress ([1], p. 137; [7]).
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Italian trademark XYZBAG creates and sells 3D-customized bags [8].

The Spanish trademark ZAP&Buj-BUJ STUDIO creates clothes with flexible
filaments on an elastic tulle fabric, which allows the adaptation of the piece to the
movements of those who wear it [9].

Annie Foo creates high fashion 3D-printed shoes [10].

One of the more recent 3D dresses of Iris Van Herpen is the “Infinity Dress,” that
changes its appearance with movement [11].

Anouk Wipprecht above-mentioned “Proximity Dress,” with many sensors that
allow the dress to stretch creating a barrier if someone approaches, thus identifying the
infringement of the mandatory safe distance due to Covid-19, is also 3D-printed [12].

2.2 Less logistic and transportation costs

Three-dimensional (3D) technology allows to manufacture less items and to cut
on transportation costs. Manufactures and consumers approach, without or, at least,
with less intermediaries, mainly transport companies. A fashion company may create
the item in a CAD file and print it wherever it wants. If it is a Portuguese company of
3D-printed shoes, for example, with headquarters in Porto, they may be printed here,
requiring a small team of experts for quality control. If, for example, this company
were to open a branch in South Korea, the file of the shoes may be sent by the internet,
namely by e-mail, and only 3D printers, a small team of control experts and distribu-
tion at the national scale, besides a place to store printed items, are needed. There is no
need to search for the country with the cheapest production costs all over the world.
Fashion companies may have reduced distribution chains and less storage needs.

The end user may participate in the process of manufacture, asking for the piece to
be customized according to taste and needs. There is no need for large storage of the
printed items. One can lower the number of printed pieces according to the requests
of the consumers.

The whole manufacturing and distribution processes can be cheaper, sustainable,
and democratic. We must not forget that many 3D printers, protected by patents, are
falling into public domain, thus cheaper and legally able to be used by anyone, the
same is happening with many invented materials.

2.3 Less undifferentiated workforce

As with all technological industries, the new production model needs less workers,
especially undifferentiated ones. In the present, few items are done entirely in one
single 3D-printed piece. It is still necessary to sew, to connect the 3D-printed parts.
Like what happens with the sleeves and buttons of a coat, or the accessories that
embellish the dress, for example. Anyway, less undifferentiated workers are needed,
and they can work in the country where the items are 3D-printed, namely in the
country where the company has its headquarters.

This may imply less work demand in underdeveloped countries, that do not
respect human rights of the workers and have cheap labor force, and more demand
in more developed countries. Items do not need to be transported to countries like
Bangladesh, Pakistan, or Mexico, or even to India or China. In China, technology is
abundant, but labor force is cheap, hence the interest in China of many fashion com-
panies. Thus, 3D printing may contribute to the decrease of infringement of worker’s
rights. Less differentiated workers will still be needed to assemble 3D parts, give the
finishing aspects of items, control quality, and work in smaller distribution circuits.
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Creating a fashion item will be each time more like creating a work of architecture,
or a sculpture, with 2D and 3D phases, and will imply the use of software and large
teams of experts. Designers, engineers, software and hardware experts, architects,
economists, managers, marketers, big data, and trend experts, among others, can
all be, in some way, involved in the fashion industry. We must not forget end users,
consumers, that may become co-authors, if the company allows so (prosumers).

Resistance from undifferentiated or less differentiated workers and workers’
unions is expected, and that is an important issue to be addressed.

2.4 A more environment friendly fashion industry

Three-dimensional (3D) fashion industry is more environment-friendly, causing much
lesser pollution. An additive and non-subtractive technique means much lesser waist.

Plastics, which are everywhere, namely in the oceans, and cause great concern, are
reused and recycled into 3D (or 4D) fashion items. These items can also be recycled
and reused. Nowadays, 3D fashion also uses biodegradable materials. To mention
some of the trademarks that already incorporated 3D fashion and use recycled plastics
from the oceans, we may name Nike, Adidas, or New Balance sneakers and sports-

wear ([1], p. 139; [12]).
2.5 Approaching fashion from the virtual world

If fashion industry changes to be based in 3D and 4D technology, using CAD files,
and printing less quantities of goods, many of them “intelligent,” as happens with
wearables and smart clothes, and if the items are increasingly sold online, namely
allowing purchases through download of the files, sharing of the files, or 3D printing
online platforms, the fashion industry will progressively dematerialize.

This approach to the virtual world was greatly sped up due to the Covid-19 pan-
demic, which led to the introduction of more and more augmented and virtual reality
(AR and VR) in fashion, besides accelerating the development of wearables and smart
clothes. Fashion trademarks are already entering the starting metaverses.

Augmented reality (AR) and virtual reality (VR) are already used in fashion.
While virtual reality (VR) is totally immersive, augmented reality (AR) is partially
immersive, meaning that the virtual experience overlaps the real word in AR. To have
3D virtual reality experiences, one must use helmets or glasses of VR. AR 3D experi-
ences may be achieved through smartphones, projectors, or other hardware [13].

In fashion, AR may help trademarks to make fashion statements, stand out from
the crowd, and connect with clients through new and exciting ways. AR is associated
with entertainment, being very gratifying. The technology allows consumers to expe-
rience the item before buying it, which can reduce returns dramatically and allows
access through social networks (namely Instagram and TikTok). If the experience is
good, it has the potential to be shared and sharing can go viral, with new customers
wanting to buy the product without the need for marketing or advertising. AR experi-
ences can create fashion trends. There are several fashion companies that are using
AR filters to attract new customers and engage existing ones. This was very important
during the Covid-19 pandemic and has also to do with the importance of the use of
social networks. Trying before buying increases profits by reducing returns, and as
said above, this immersive experience can go viral. There is hardly a person that has
never used social media filters. Without posting anything, one cannot avoid the temp-
tation to find out how one will look like with blue hair, a certain shape of sunglasses,
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dress, shoes, and so on. Among fashion trademarks that have these filters and other
AR technologies, we find Gucci, Calvin Klein, Louis Vuitton, Zara, Burberrys, and
H&M. AR technology increases costumers’ confidence and helps to create data for
analytics, because it helps to understand reactions of users toward new collections,
thus allowing to predict and create trends. AR is good for the environment because it
allows creation of digital clothes. Fashion influencers, bloggers, and everybody, can
try them on and take pictures without having the physical item. Many AR techniques
are being used in fashion. The AR Clothing Try-on is the dream of every passionate
shopper, and one can access and experiment on any tablet or phone. For example, the
luxury online shop FARFETCH used a particular feature under collaboration with the
trademark Off White. The shop allowed costumers to try jackets from the collection
using the photo messaging app. The 3D and stimulation technologies made clothes
cling to the body on display and move by their actions. Virtual Tailors allows custom-
ers to know the exact size of the items based on their body measures. AR-powered
virtual tailoring feature is used by Hugo Boss and Superdry. It helped to tailor the
items to almost everybody measurements. Nike also combined tailoring and trying-on
features, allowing the visitors of the app to measure their feet and find the correct size
and virtually try on the item.

There are Colour-Changing apps that allow to change colors and patterns. For
example, the American trademark American Apparel offered the costumers the pos-
sibility to scan the clothes on display in the shops and change their appearance using
the application. AR Virtual Showrooms are a great idea for showing the collections
worldwide in a much more sustainable way. Tommy Hilfiger made a digital display of
the collection in Amsterdam. The audience could experience clothes by tapping an
interactive touchscreen table and seeing every necessary detail on the screen.

Social media AR filters are very important because social media is a marketing
star and every company that wants to succeed makes efforts in order to approach the
audience in such platforms, for example, by creating custom social media filters. PE
Nation, an Australian trademark, lets users try one of the pieces of their collection
and imagine themselves being in snowy mountains. Virtual Make Over techniques
are also available. Trademarks like Bobbi Brown, L’Oreal, and MAC launched try-on
websites allowing customers to try lipstick, blush, or contour sticks before ordering
them. AR or even VR is very important for new product launch because they allow for
an immersive experience.

AR Mirrors are very interesting in clothing stores. In 2015, start-up Oak Labs
presented interactive smart mirrors that allow costumers to see themselves in the
reflection. Topshop and UNIQLO use similar technology. In the makeup market, Saks
Fifth Avenue’s beauty floor and Sephora launched “magic mirrors,” allowing visitors
to try makeup online. AR also succeeded in saving time when shopping. An In-Store-
Navigation feature shows the shop visitors where to find the department they are
looking for, or what items have special prices, which is very interesting in big depart-
ment stores. AR allows better assortment in physical stores. Sometimes, the physical
stores do not have all the items of the various trademarks they sell. To show them
virtually is more sustainable.

In jewelery, which is expensive and delicate, using AR can be specially interesting
because it can be hard to display the items in the physical placements, but costumers
can try the items on using AR. Trillion Jewellery uses its app for virtual try-on effort-
less and fun.

AR expands advertising media options. Marketing is all about emotions, and AR
can bring that emotional experience to advertising, and clients want to know more
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about the company and about it has to offer. Men’s clothing Boohooman trademark
transformed Black Friday into Hack Friday, creating the digital character and hacker
Robin that appeared on all posters with QR codes placed during the campaign.
Everybody could scan the code and see the character come to life talking about what
the trademark offers. With AR, digital clothing can stand as stand-alone product.
Virtual clothes and NFT's are so popular that in 2020 companies could rely on them
to be the only selling item, which has also to do with the pandemic and the changes in
the way people consume fashion. Studies show that in 2020 costumers started to use
fewer products than those they bought, preferring digital items. The Fabricant is an
all-digital company that creates virtual clothing since 2018. It became so popular that
started to collaborate with trademarks like Puma and Tommy Hilfiger. DressX is also
successful. The company uses AR to show that some clothes can exist only in their
digital versions, thus contributing also to sustainability. In DressX app, one can find
what digital clothes are best using smart AR filters. AR is strictly connected to games
(gamification). Gamification in fashion is a big hit with AR technologies. Using AR,
the company can create a fun and engaging gaming experience helping costumers

to see what it has to offer, many times creating mini games. Victoria’s Secret uses the
game Pink line. By playing games and unlocking badges, costumers may know more
about the company’s products and gain exclusive offers [14].

There is an increasing interest of fashion trademarks to dress characters or avatars in
games, like what happens with Balenciaga in Fortnite [15]. With games becoming more
and more popular, fashion and AR have great potential to join and grow together. Louis
Vuitton also created fashion items to the League of Legends, with great success [16]. In
many cases, the digital items of the games can also be sold in the physical world and to
inspire new collections (like the Balenciaga items). So, AR can come out of the virtual
world of games and AR items can be also sold in physical way, namely 3D-printed. We
are seeing an interesting and complex mixture between gaming and fashion.

The most recent win of AR happened when the Iridescence virtual dress was sold
for $9500 during the Ethereal Summit in New York [14].

Zara also uses AR with great success to bring costumers to stores [15, 17]. AR
technology in fashion business is very promising solution if adequately used.

Virtual reality is not so developed in fashion, and elsewhere, because specific
hardware is needed, for example, VR helmets or VR glasses. Furthermore, totally
immersive experience still has some unattractive reactions, as some individuals
experience dizziness or other mild symptoms after experiences in virtual games.
Interesting aspects of VR include the possibility of adding gloves with sensors, simu-
lating touch, and creating more interactivity with the virtual items.

During the pandemic, VR started to have an important role in fashion because
there could be no presence showrooms and fashion weeks. Virtual runway fashion
shows were created to allow the users to virtually attend them, which led to democ-
ratization of those fashion shows by trademarks that sent VR helmets or VR glasses
of those virtual runways to potential clients. Another important aspect of VR has to
do with the buying experience. Companies like Tommy Hilfiger offer their clients the
possibility to visit their virtual shop (that is like some of the most emblematic shops
of Paris, New York, or London) because in cooperation with technology giants they
got the know-how to create the virtual store. The experience allows to hear the music
existing in the physical stores and to access parts of the runway, obtaining a 360 view
of each design chosen by the client ([2], p. 404).

AR and VR in fashion will extend to metaverses, that is, virtual places where
second lives that are starting to appear and attract people that do not want just the
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real life they live in, and whose avatars must be dressed according to the status they
have. Many fashion companies are already investing in metaverse, often described
as a network of virtual places linked into a virtual universe, and considered a future
version of the Internet. In the metaverse, customizable avatars and dynamic group
experiences enable a new era of social interaction. Concerts, parties, happy hours,
and religious ceremonies are increasingly taking place virtually, with individuals
participating regardless of their geographic location, especially in the aftermath of
Covid-19. Metaverse members will engage with and purchase digital and real-world
apparel, sporting goods, and other items through virtual shopping malls [18, 19].

3. Fashion and videogames

A videogame is an electronic game that can be seen in a screen. It is a type of
audio-visual work and protected as such by copyright. It is a very profitable fast global
growing market. The pandemic led to a huge growth of the videogames market.
Fashion companies saw the opportunity and joined the videogames world.

Balenciaga was pioneer. Trying to avoid the Covid-19 to affect its fashion market
even more, adapted to this new business concept presenting its collection fall/winter
2021 in the videogame “Afterworld. The age of tomorrow.”

It is a futurist game, located in 2031, trying to create a future where clothes can
transform themselves in order to be reused and last in time. The game is a virtual
runway show, where existing and designs of future collections are shown, but the
avatar engages in surpassing proofs and in different adventures, like what is common
in videogames ([2], pp. 376-377).

Louis Vuitton cooperated with American e-sports Riot Games in the creation of
the “League of Legends.” The cooperation is based in many projects, like the creation
of a trunk for the “Summoner’s Cup,” or the collection LVxOL, with a garment style
based on the game, which is very appealing to the gamers and to the followers of Louis
Vuitton. The trademark reaches a public which, otherwise, would not be possible to
reach ([2], p. 377).

Celebration 200 years from the birth of the founder of the fashion house, Louis
Vuitton created a videogame called “Louis the game,” that was a continuation of the vid-
eogame “Endless Runner” and appeared in 2019 for the Fall and Winter Collection 2019.
“Louis the game” is an app of interactive games that pays tribute to the founder of the
company through the eyes of Vivienne, the mascot of the workshop, that enters a digital
world to celebrate the birthday of the founder of the house Louis Vuitton ([2], p. 377).

This game uses the Blockchain technology, including 30 Non-Fungible Tokens, 10 of
them created by the American digital artist, graphic designer, and performer Beeper.
Nevertheless, the Non-Fungible Tokens of this game cannot be sold, and they were
created only for the purpose of collection ([2], p. 378).

Moschino decided do dress “the Sims” in 2019. The fashion company included a
capsule collection inspired in the famous game. The models entered the virtual world
allowing for the characters of the game to be dressed with Moschino clothes ([2], p. 378).

In the gaming domain, we must also mention the “Animal Crossing” saga of
videogames of Nintendo. Thanks to its popularity many fashion houses decided to
use the characters of the games to present their collections in a very creative way.
Valentino house included its Spring Summer collection 2021 in this videogame allow-
ing the user to immerse in a true photoshoot in which the 3D characters of Nintendo
are the protagonists and use items of the collection. The images may then be carried to
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the Instagram page (@animalcrossingfashionarchive) where, with a certain code, the
user may buy the desired item through a web page ([2], pp. 387-388).

4. Fashion, Blockchain, and Non-Fungible Tokens (NFTs)
The blockchain technology is being used in fashion in many ways [20-22]:

a.to guarantee the authenticity of the items. One of the main characteristics of
the blockchain is immutability; thus, it is possible to make a chain of transac-
tions through the application of blockchain solutions to those fashion items
that are object of sale, in order to guarantee their origin, who designed it, the
trademark owner, among other things. Therefore, it is simpler to identify and
locate counterfeit products or products that present alterations with respect
to the product initially marketed by a fashion company. In March 2019, the
LVMH Moét Hennessy-Louis Vuitton (LVMH Group) released the launch of the
project “Aura,” developed by Quorum, Microsoft, and Consensys. The project
is based in a blockchain solution that allows to verify the authenticity of the
products of the fashion company, uniquely identifying its origin and author-
ship in real time. This procedure favors transparency and confidence of the
clients. Vestiaire Collective uses the advantages of blockchain technology in an
online platform for the sale of high-end fashion and accessories. The platform
has a group of fashion experts that certifies the authenticity of the products.
After this process of verification and validation, the article is incorporated with
a technological footprint through blockchain technology, accompanying its
entire useful life, as a sign of authenticity and quality, against possible counter-
feits ([2], p. 388).

b.to guarantee the transparency of the production chain. In the last year, it has
become increasingly important for companies to respect ethics, culture, and
social aspects. Clients want to be informed about the origin of the products,
location of factories, compromises with the environment, and respect of human
rights. Blockchain technology can help to reassure the transparency, the security,
and the legality of the production chain. The technology implies the incorpora-
tion in each garment of a QR code (Quick Response Code) that contains all infor-
mation about the entire manufacture process ([2], p. 389).

c. With smart contracts. Blockchain technology allows the creation of smart
contracts, or intelligent contracts, whose main characteristics are its automatic
fulfillment and execution. The smart contracts run autonomously, via command
if-this-then-that, when the factual assumption contemplated by the contract is
fulfilled. This type of contract is very useful when there is an objective compo-
nent, such as the activation of the payment because of the receipt of a specific
remittance or the payment for the contracting of an insurance or financial
product. Intermediaries are eliminated and, therefore, the costs ancillary to
the contract are considerably reduced. With the ever-increasing evolution of
Blockchain technology, smart contracts can be utilized and integrated into the
domain of Intellectual Property Rights to digitize and secure transactions of such
intangible assets while ensuring trust, transparency, and safety of both the
enforcer and the consumer ([2], p. 390).
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The Non-Fungible Tokens (NFT5) are digital assets whose value is granted by the
user, or whoever is willing to pay at a certain time, since, through this type of tokens, a
kind of collectible and unique objects are created. These features are very attractive in
fashion and art, where what is exclusive and unique is highly valued, and NTFs grant
authenticity. Each NFT has a single valuation, being part of a certain blockchain. Thus,
what one acquires buying an NFT is, mainly, a license or an asset to sell in the future.

What the sale of NFT and the purchase of haute couture garments through this
way entails is that the buyer acquires the use of them, that is, acquires an implicit
and nonexclusive license for its use. Copyright is not transferred to the buyer, unless
expressly agreed by the seller, as the intellectual property right remains in the posses-
sion of the author who created the garments.

This new business model led to the emergence of digitally native fashion trade-
marks in the market, that is, trademarks that lack physical showcases or recognized
names in the conventional fashion industry and sell their products through NFTs.

Some examples of these trademarks are: Overpriced, with its sale of a virtual
sweatshirt such as TFN by 22,000 euros; RTFKT and its sale of digital sneakers, paying
homage to the culture of the game; DressX, a fashion store in which customers buy a
garment and send a photo of themselves, receiving in return a digital photo of them
wearing the garment they have bought, and its essence lies in the fact that users buy
clothes to upload photos on the networks; and Auroboros, as last example, is the first
fashion house that merges science and technology with physical haute couture [2].

5. Three-dimensional (3D) fashion and intellectual property

Three-dimensional (3D) fashion must respect copyright, related rights, and
industrial property rights, namely patents, utility models, design patents, trademarks,
trade dress, logotypes, denominations of origin, geographical indications, rewards,
trade secrets, and rules against unfair competition.

Three-dimensional (3D) and 4D files must respect intellectual property rights and
whoever 3D prints must have the authorization of the copyright or of the industrial
property right (trademark, design, patent, or other right) owner. Because in EU
copyright laws register is not mandatory, as a rule, it may be difficult for the 3D printer
to know whether the CAD file comes from a legal origin. This is essential to ensure the
absence of counterfeit. Industrial property rights, as a rule, must be registered, so it
may be easier to know if the item comes from a legal source, at least in the EU [23-26].

The problem is private use. One must deal with the difficulty to grant the enforce-
ment of intellectual property rights when the CAD files and its online sharing and 3D
printing are done for strictly private uses. In copyright, the situation is not covered by
exceptions or limitations and does not fulfill the three-step test. Regarding industrial
property rights, laws must be adapted in order to forbid not only 3D printing with
economic or commercial goal but also private uses. A company’s profit is affected
when the consumer decides to print counterfeited items instead of buying the legal
ones. If necessary, industrial property laws must be changed, considering the deliber-
ate 3D printing of counterfeited trademarks illegal, logotypes, or designs, among
others, even for private uses [27].

An important way of preventing piracy could be to protect the CAD files that
contain a work or other protected industrial property exclusive rights. Protection
should also involve the CAD files. The CAD file that has a trademark, for example,
will be protected as if it was the trademark itself.
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Regarding the price of the 3D printers, that is, the hardware, an amount ought to
be for copyrights, related rights, and industrial property rights owners, as it happens
with uses for private copying in relation to reproduction right for private use in the
EU in copyright and related rights.

Technological measures to protect the CAD files and digital rights management
systems would also be important to enforce intellectual property where 3D technol-
ogy is used, including the possibility of the use of technology of destruction of illegal
CAD files.

Blockchain technology grants intellectual property rights owners against non-
authorized exploitation by third parties regardless the link in the production chain
in which the articles are located. Smart contracts can be utilized and integrated into
the domain of Intellectual Property Rights to digitize and secure transactions of such
intangible assets while ensuring trust, transparency, and safety of both the enforcer
and the consumer.

Enforcement is essential in the 3D fashion market. Fashion is already very affected
by piracy, and hacking is a big issue to address when we are approaching the demate-
rialized fashion world.

Fashion companies can be affected in their reputation when the pirated items lack
quality, and the consumers will associate them to the companies affected by the illegal
copies. Additionally, if the CAD files and the 3D-printed items are not approved by a
quality department and cause damages to the consumer, the producer will be liable,
but we must find an effective way to find who is the actual producer.

6. Personal data protection

Wearables and smart clothes raise questions related to personal data protection
[28, 29].

Wearables and smart clothing products come in many shapes and sizes, but all of
them have sensors that allow a series of functions. For example, some shirts monitor
the heart rate, activity, and breathing, and sleepwear garments can track sleep levels
and sync data to the smartphone. Football fans will also have noticed that footballers
are increasingly wearing under-shirt garments that resemble a sports bra. Itis a
form of smart clothing containing a GPS tracking device that records data about the
players’ movements. This also happens in other sports and activities. Data such as
heart rate, daily strides, and calories burned, as well as location and route data are
recorded. This is a lot of sensitive information. Manufacturers are bringing more
and more new technologies for recording a wide range of body and movement values
onto the market. This is also reflected in the sales trend in the wearable sector. The
best known and most successful devices in this field are smart watches and bracelets
that function as fitness trackers. For the functionality of the wearables and the apps,
the operators usually record data as time, location (GPS), heart rate, blood pressure,
sleeping behavior, calorie consumption, pedometer, and much more. In addition to
smart watches, many fitness trackers also become smart and provide information
about incoming calls, upcoming appointments, messages, and notifications from
social networks. With all this information, a personal profile of a person can be cre-
ated. Now rings, earrings, and pendants start to perform the same functions of smart
watches and bracelets.

Besides the personal data included in wearables and smart clothes, the way in
which the data are sent is very important. These are recorded in the wearables (or
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smart clothes). The raw data generated by the sensors are then usually transmitted

to the own smartphone (or other wearables or smart clothes) via Bluetooth. There

the user can then view them in evaluated form. Adding to that, most manufacturers
collect and store all captured data in a cloud. For all these reasons, it is fundamental to
protect these personal and sensible data.

Despite concerns about data protection, wearables and smart clothes also offer
great potential. The technology opened and will open many new areas of application.
Especially in the medical field, there are many development opportunities. Sensors
can detect diseases at an early stage and support medical care. Each time, more
companies are developing clothing equipped with sensors and smart fibers that offer
completely new possibilities. Smart garments can detect movements and touches in
addition to the recording of classical health data. This offers ideal possibilities for
recording and optimizing motion sequences in certain sports, as aforementioned.
This means that data protection issues will arise each time more.

The wearable and smart clothes industry is still starting to develop. It has great
potential, but with data protection issues will arise. It is fundamental to know how
data are obtained, how they are stored and transmitted, and what they are used for.
When one buys wearables or smart clothes, it is very important to know the general
terms and conditions and data protection declarations. Attention should always be
paid to the possibilities for deleting the collected user data to avoid possible future
discrimination. Furthermore, there is always the right to request the stored data from
the manufacturers.

Legislation is also fundamental. In the EU, there is, among other acts, the impor-
tant Regulation (EU) 2016/679 of the European Parliament and of the Council. This
General Data Protection Regulation (GDPR) is a European Union regulation on
data protection and privacy in the EU and the European Economic Area (EEA). It is
an important component of EU privacy law and of human rights law, in particular
Article 8°, n°1 of the Charter of Fundamental Rights of the European Union [30, 31].

7. Conclusions

Three-dimensional (3D) printing became the sewing machine of the twenty-first
century, causing great changes in the fashion industry, namely the appearance of
more sustainable, and customized apparel and accessories, simpler logistics and less
transaction costs, increased creativity, and cooperation of specialists from many
different areas. The final idea of prosumer and its meaning is before us. If we add 4D
printing, that is, “intelligent” materials, 3D printing enters our day lives, with wear-
ables and smart clothes. If we add the recent developments achieved by augmented
reality and virtual reality and metaverses, the fashion world becomes even more
virtual and sustainable, and buying is each time more connected to a gaming experi-
ence. All this raises numerous questions regarding copyright and industrial property
protection and possible infringement in those areas.

Three-dimensional (3D) and 4D files must respect intellectual property rights and
whoever 3D prints must have the authorization of the copyright or of the industrial
property right (trademark, design, patent, or other right) owner. Because in EU copy-
right laws register is not mandatory, as a rule, it may be difficult for the 3D printer to
know whether the CAD file comes from a legal origin. This is essential to ensure the
absence of counterfeit. Industrial property rights, as a rule, must be registered, so it
may be easier to know if the item comes from a legal source, at least in the EU.
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It is difficult not to infringe intellectual property rights when the CAD files, its
online sharing, and the 3D or 4D printing are done for private uses. In copyright, the
situation is not covered by exceptions or limitations and does not fulfill the three-step
test. Regarding industrial property rights, laws must be adapted to also forbid 3D and
4D for private uses and not only with economic or commercial goals.

An important way of preventing piracy could be to protect the CAD files that
contain a work or other protected industrial property exclusive rights. Protection
should also involve the CAD files. The CAD file that has a trademark, for example,
will be protected as if it was the trademark itself.

Regarding the price of the 3D printers, that is, the hardware, an amount ought to
be for copyrights, related rights, and industrial property rights owners, as it happens
with uses for private copying in relation to reproduction right for private use in the
EU in copyright and related rights.

Technological measures to protect the CAD files and digital rights management
systems would also be important to enforce intellectual property where 3D and 4D
technology is used, including the possibility of the use of technology of destruction of
illegal CAD files.

Enforcement is essential in the 3D fashion market. Fashion is already very affected
by piracy, and hacking is a big issue to address when we are approaching the demate-
rialized fashion world.

Fashion companies can be affected in their reputation when the pirated items lack
quality, and the consumers will associate them to the companies affected by the illegal
copies. Additionally, if the CAD files and the 3D-printed items are not approved by a
quality department and cause damages to the consumer, the producer will be liable,
but we must find an effective way to find who is the actual producer.

Wearables and smart clothes raise questions regarding personal data protection.
The issues to be raised are multiple because we are faced with sensors or sensor termi-
nals. Data security of the device itself in transmission and storage must be addressed.
It is fundamental to know how data are obtained, how they are stored and transmit-
ted, and what they are used for. When one buys wearables or smart clothes, it is very
important to know the general terms and conditions and data protection declarations.
Deleting the collected user data is fundamental to avoid possible future discrimina-
tion. Furthermore, there must always be the enforceable right to request the stored
data from the manufacturers.

Legislation is fundamental. In the EU there is, among other acts, the important
Regulation (EU) 2016/679 of the European Parliament and of the Council. This
General Data Protection Regulation (GDPR) is a European Union regulation on data
protection and privacy in the EU and the European Economic Area (EEA). Itisan
important component of EU privacy law and human rights law, in particular Article
8°, n°1 of the Charter of Fundamental Rights of the European Union.
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Chapter 19

Additive Manufacturing-Based
Supply Chain Configurations

Silvana Gallinaro

Abstract

The topic of the chapter “Additive manufacturing-based supply chain configura-
tions” is about the implementation of additive technologies in conventional supply
chains and the possible supply chain configurations that can be generated. Asa
guideline in the field of supply chain management, this chapter suggests designing the
AM-based supply chain configuration according to the supply chain strategy decided by
the focal company of the supply chain. Two questions are not fully resolved in doctrine:
the first concerns the measurement of the effects of additive manufacturing imple-
mentation in conventional companies and supply chains: the second, the relationship
between the total average unit cost and the production volume of additive products. In
agreement with some scholars, quantitative approach to the analysis of the impact of
additive technologies in companies and supply chains is recommended, and the choice
of a simulation method for ex-ante assessment of pros and cons of additive technologies
over conventional ones is suggested. The goal of this chapter is twofold: to demon-
strate that the superiority of additive manufacturing over conventional one cannot be
discussed a priori, because it must be proven quantitatively on a case-by-case basis; to
support the thesis according to which additive machines can achieve economies of scale.

Keywords: additive manufacturing, supply chain, simulation, economies of scale

1. Introduction

Additive manufacturing (AM) does not take place by removing material from a
solid, as in conventional or subtractive production, but by adding material, that is, by
overlapping layers of materials (such as ceramics, metals, plastics, etc.) in sequence,
starting from a 3D (virtual) design that contains all necessary information to create
the product, generated using CAD design system or by scanning already an existing
object in 3D (reverse engineering).

For additive machines to understand and process this information, a 3D design file
must be converted into an STL file (Standard Triangulation Language). By means of a
slicing program, information contained in STL file is converted into G-code (machine
language). Each slice of an STL file represents a layer of the product to be made by
overlapping and by means of an additive machine, using different methods of material
extrusion and layer solidification [1, 2]. Time required by the additive manufacturing
process depends on product size; specific additive technology adopted; raw material
used and degree of precision required in product realization [2].
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In fact, there are many additive technologies available to companies. Among these, 3D
printing, often but erroneously, considered synonymous with additive manufacturing [3].

Additive raw materials can be in form of powders, filaments, liquids, or solids.
Additive manufacturing processes also use food composites, such as pasta and
chocolate, and metal-ceramics, but also materials that are difficult to process by
means of traditional subtractive production processes, such as carbon alloys for high
temperatures, as well as, more recently, “living” biological materials, such as cells and
biological tissues [4, 5].

Additive machines require little manual labor and few operational skills, but they
postulate new work skills (e.g., in design), rich in knowledge, generating new orga-
nizational roles and responsibilities. Likewise, they do not require production equip-
ment, thus removing the costs of retooling machines. Additive production is, in fact,
also called “fixture-less layered manufacturing” because it occurs simply by sending a
digital 3D design file to an AM machine without equipping it with tools and molds.

By conveying the manufacturing process in a virtual environment, additive
technologies enable digital transformation of manufacturing.

Implementation of additive technologies in companies and supply chains can
produce destructive effects on traditional production paradigms and supply chain
structures, foster disintermediation and production decentralization, making supply
chains lighter or more concise [4-8]. As it will be better explained later on, effects
produced by additive manufacturing implementation in conventional technology
supply chains depend on the value chain strategy adopted by the focal company and,
therefore, on the logistic tier affected by the chosen additive technology.

In the current stage of the evolutionary process they have reached, additive tech-
nologies have not yet completely replaced conventional ones. They often integrate,
support, and coexist with conventional technologies in companies and supply chains
[9], being used in productions with high product customization (e.g., in the health-
care sector) and/or characterized by low or uncontrollable demand (large spikes and
dips in product demand) [10-12].

2. Implementation of additive manufacturing technologies in
conventional companies

2.1 Advantages of implementing additive technologies in conventional
manufacturing-based companies

As regards the implementation of additive manufacturing technologies, it is neces-
sary to distinguish between two different and distinct levels of analysis: company and
supply chain.

Implementation of additive technologies in business processes is the result of a
strategic decision of pure or tailored postponement [13] in a context of cost-effective-
ness: additive technologies entrust product differentiation to design activities of value
creation, optimizing organizational flexibility and, at the same time, making produc-
tion of units or small series of items requested in a discontinuous and unpredictable
way and/or with complex geometries, cheaper than in conventional production [14].

A postponement is an approach to value creation process. It takes place when one
or more value creation activities are postponed at the very moment of receivement of
customer order: the goal is product customization [15]. The company that postpones
value creation activities waits to know what the customer really wants (form), where
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he wants it (place), and when he wants it (time), before starting the design and/or
production and/or delivery of the product, so that this is exactly as requested and/or
delivered according to the customer’s place and time requests.

In this regard, some scholars describe various types of postponement strategies,
each of which is according to the specific activity that is postponed. Then, they talk
about form postponement strategy, if manufacturing and/or design is delayed, place
and time postponement strategy, if delivery is delayed [16-18].

Order penetration point (OPP)—also referred to as customer order decoupling
point (CODP)—is defined as the stage in value chain where customer order enters and
product differentiation takes place. The further upstream in value chain the custom-
er’s order is placed, the greater the degree of postponement adopted by the company,
therefore the greater the differentiation and degree of customization of the product.
Pure or tailored product customization is achieved if product design is postponed,
allowing the customer to intervene in this phase of value creation.

Postponement strategies make company—but also, as it will be said later on, supply
chains—efficient in dealing with demand uncertainty [17-19]: in fact, more precise
information about form, time, and place of delivery of product, and also about the
amount to be made, can be obtained during postponement period, making company
able to satisfy demand in form/time and/or place required, therefore agile and flexible.

Therefore, it can be said that, in contexts of environmental uncertainty, efficient
companies (and efficient value chains) are those oriented toward postponement
strategies, and that efficiency goes through flexibility.

So, the degree of postponement adopted by a company is a function of the level of
external uncertainty to be faced and managed.

In conclusion, postponement is the “keystone” of mass customization and a tool
for managing environmental uncertainty [19, 20]. Company that adopts postpone-
ment in value creation process, demonstrates that it has strategic capabilities for
achieving product differentiation in one of the stages of value creation, downstream
or upstream of manufacturing [21].

Implementation of AM technologies in a company allows to entrust product
differentiation to value design activities and satisfies organizational flexibility needs
of all sorts. These value activities enable the company to pure customization, moving
CODP up to the product concept stage.

About that, Olhger [22] and Verboeket and Krikke [23] specify that, when AM
replaces conventional production in a value creation process, OPP tends to move
upstream, in parallel generating the shift of make-to-stock (MtS) production logic
toward make-to-order (MtO) or engineer-to-order (EtO) ones. In other words,
additive manufacturing makes internalization of customers in value creation process
concrete, which becomes “value co-creation with customer process” as a result [14].

Generally, the full participation of the customer in the value creation process takes
place by means of co-design platforms. So, additive technologies reveal the potential
for pure customization if co-design platforms are active [14, 20].

Numerous scholars have addressed the issue of the pros and cons of additive
manufacturing compared to conventional one. To the aim of implementing an addi-
tive manufacturing technology in a company or in a supply chain, and as an indica-
tion of a decisional method, pros and cons of a hypothetic additive plant compared to
actual conventional one have to be matched with each other in a trade-off evaluation.

The topic of implementation of additive technologies in a company will be dealt
with in this paragraph, reserving the following one to that of the implementation of
additive technologies in conventional supply chains.
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Additive manufacturing allows the company to carry out product differentiation
and customization “without extra costs” [24, 25] or makes customization “without
penalty” possible [1] because—as it is known—it does not require product-unique
equipment and molds, and since the digital redesign of products is not expensive. In
additive manufacturing, the degrees of freedom in product creation are exponentially
higher than those allowed by conventional production because manufacturing is not
limited by the possibilities allowed by subtractive technologies. In other words, additive
manufacturing generates products characterized by large freedom and high complexity
of geometric features, which are difficult to achieve with conventional technologies.

Ready-made products come out of additive machines, without the need for
component assembly, and increasing reliability of products with complex geometries
which could be compromised by assembly of components in conventional produc-
tion. Therefore and ceteris paribus, by avoiding assembly costs, additive manufactur-
ing cuts production costs.

Additive machines can achieve time savings in the creation of pure or tailored
customized products: product lead times do not include machine set-up times and
component assembly times—despite the generally longer production times of addi-
tive machines compared to conventional ones.

Additive machines can also accelerate the time to market of radical and incremen-
tal product innovation, thanks to lowering production times of early products, with
which to rapidly test and validate product ideas in target markets [20]. Furthermore,
additive manufacturing is combined with virtual product prototyping by which to
carry out virtual simulation tests, thus eliminating the phase of physical tests which
requires time to create prototypes.

Therefore, digitization of manufacturing makes it lean and agile, allowing efficient
and fast production on demand of single units or small batches of pure or tailored
customized products: that is, additive manufacturing achieves economies of variety.

Additive manufacturing evokes a context of just-in-time production, also
generating:

* drastic contraction—up to cut-off—of end-use product and component ware-
houses and relative costs;

* reduction of warehouses of raw materials and lowering of the relative costs, both
for lower consumption of materials per unit of product or component—in fact,
these can be made hollow and therefore be lightened—and for less waste of materi-
als compared to subtractive production, thanks to the possibility of reusing waste;

* lowering of manual work in the production processes, thus verifying lower costs
of factory staff [2, 21, 22]. Organizational roles, skills, and responsibilities need
to be redefined and new knowledge and work skills are required, however more
expensive than manual factory ones [8].

In short, additive production verifies a lower dependence on manual work and a
greater dependence on skilled work with a high knowledge content, for which it can
be said that additive production acts in favor of manufacturing reshoring [26-28].

To all those advantages of additive manufacturing compared to conventional
one analyzed so far, we must add the ability of processing materials that cannot be
processed with conventional technologies (such as carbon alloys for high tempera-
tures, metal-ceramic, and food composites) or anomalous nature for conventional
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manufacturing (such as organic cells and tissues); longer life cycle of additive product
compared to conventional one, thanks to simpler, cheaper, and faster design upgrades
that can slow or revitalize the decline of the product in the market.

Lightened additive components—due to the possibility of being made hollow—
reduce fuel consumption of additive products (e.g., in the aerospace and aeronautical
industries). In this sense, additive manufacturing has been labeled as functional for
environmental sustainability.

From the above, it follows that additive manufacturing can generate greater value
for the customer and, therefore, a greater willingness to pay a higher price to obtain
highly customized products, whose unit production costs and delivery times are lower
than those conventional manufacturing would be able to achieve [29].

2.2 Disadvantages of implementing additive manufacturing in conventional
manufacturing-based companies

As anticipated, alongside the advantages (pros) of additive manufacturing over
conventional manufacturing, there are numerous disadvantages (cons) that must be
measured and compared with the aforementioned advantages in trade-off analysis.

First of all, absence of economies of scale of additive machines. In fact, a wide-
spread thesis among scholars is that additive machines would not allow economies of
scale because the average unit additive product cost tends to be invariable as produc-
tion amounts vary.

In our opinion, the reasoning about economies of scale denied by additive technol-
ogies is more complex. Total variable costs of additive manufacturing tend to be higher
than total fixed ones, but this does not justify the constant average total unit cost of
the additive products as production increases. What is undoubted is that additive
technologies make it possible to achieve the minimum efficient scale in correspondence
with a very low number of units produced. It is known that the minimum efficient
scale is high when the level of fixed capital required for production is high. The higher
the minimum efficient scale, the smaller the number of firms on the market. This is
valid for conventional technology machines, whose minimum efficient scale is reached
in correspondence with a large number of products. All this confirms that additive
technologies make the level of capital to be invested to do business low. As a result,
additive technologies are able to expand the number of smaller efficient production
structures present in a territorial context, because the level of fixed capital required to
do business tends to be smaller than that required by conventional production.

Therefore, unlike conventional machines, additive ones are efficient in highly
customized unit productions or in low-volume ones, and the convenience of using
them in manufacturing processes decreases as demand grows up. Persistent limits of
additive machines—such as low throughput times and poor quality standardization of
products—are the causes that prevent digital manufacturing from achieving econo-
mies of scale. Nothing prevents these limits from being exceeded in the near future.

Another disadvantage of additive manufacturing is the non-standardizability
quality of additive products and spare parts in terms of strength, durability, consis-
tency, safety, accuracy, and consequent low certainty of reproducibility of products
and spare parts [8], which often generates post-processing costs of products and
components (e.g., costs of polishing the surface of products) [30]. Lack of shared
quality standards makes quality assurance and product warranty difficult.

Disadvantages of additive manufacturing match with advantages in a trade-off
evaluation are also difficulties in finding and the high cost of additive materials;
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difficulties of their technical integration [26, 31], as well as high prices of additive
machines to be used in production cycles.
In additive manufacturing, the hourly cost of subordinate labor tends to be higher
than in the conventional one because the former has a higher skill content [31].
Moreover, there is a non-secondary problem of lack of clarity of intellectual and
industrial property of additive product designs, which can represent a bottleneck for
the implementation of additive technologies.
At last, the high energy consumption of additive manufacturing and material
preparation processes must be considered, as well as the size limits of additive compo-
nents or end-use products caused by the size limits of AM machines [32].
Table 1 shows the summary table of the pros and cons (advantages and disadvan-
tages) of additive manufacturing compared to conventional one.

Advantages Disadvantages
Costs * Minimization of investment in equipment * Limited availability and high cost of raw
* No assembly costs materials
eL . . * High prices of additive machines
ess manual work in production processes
« Zero end-use product and component * Tendentially higher hourly labor cost
warehouses/just-in-time production of * Post-processing costs
products * High energy consumption
* Lower consumption of materials per .
* Lower economies of scale
product/waste recovery
Times * Shorter lead times and time to market * Lower throughput time
* Longer life cycle of additive product for
easy upgrade
Flexibility * Pure or tailored customization without
extra cost
* Greater creative freedom and complexity
of the geometric characteristics of the
products
Quality * Higher Reliability of products with complex * Lower shared quality standards and diffi-
geometries culties in the process of quality assurance
* Possibility of processing materials that and guarantee of additive products
cannot be processed with conventional * Not always guaranteed availability of raw
technologies additive materials
* Raw materials available are not always
able to generate additive products with
qualitative characteristics comparable to
those of conventional ones
* Non-standardizability quality of additive
products and components
Price » Willingness to pay a premium price
Other * Poor clarity of intellectual and industrial
property of product designs
* Dimensional limits of products and
machines
Table 1.

Advantages and disadvantages of implementing AM technologies in conventional companies.
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3. Implementation of additive technologies in conventional supply chains:
AM-based supply chain configurations

3.1 Centralized additive configurations

If shared across multiple organizations, value creation occurs in a supply chain,
which is the value system that integrates intra-organizational value chains.

The implementation of additive manufacturing technologies in conventional
technology supply chains generates different AM-based supply chain configurations,
depending on the supply chain strategy pursued by the focal company (manu-
facturer). Therefore, as a guideline in the field of supply chain management, it is
suggested to design the AM-based supply chain setup according to the supply chain
strategy chosen by the focal company. In other words, the AM-based supply chain
setup should be designed to implement the chosen supply chain.

The adoption of additive manufacturing in conventional supply chains, in fact,
implements not only and not always product customization strategies, but always occurs
at the individual company level, but often cost optimization supply chain strategies.

The supply chain strategy determines the level of the supply chain affected by
the implementation of additive technologies: the lower the level of the supply chain
affected by the implementation of additive technology, the greater the customization
of the product guaranteed to the customer, the faster the delivery time, but the lower
the cost savings. Thus, it can be argued that supply chain strategies determine its basic
configurations, which are as follows:

* centralized additive configurations, whether additive technologies are imple-
mented in OEM plants for the production of components and products, or in
regional distribution centers that produce spare parts on request from local service
centers, using the spare part designs provided by the OEM. In this case, the spare
parts are delivered to the local service centers before being used for the repair and
maintenance of the installed base, that is, the local manufacturing plants [33, 34];

* fully decentralized or distributed additive configurations, whether additive
technologies are implemented in production plants close to clients or in service
centers close to installed bases;

* hub additive configurations, which are intermediate structures between totally cen-
tralized configurations and totally distributed ones, with intermediate locations of
additive technologies, that is, between the main plant and local production centers
(or service centers, in the case of spare part supply chains) close to customers [6].

AM machines centrally located in a supply chain typically eliminate inventory of
components and spare parts that are infrequently or occasionally required by internal
and external customers (low-demand products or products with large peaks and
drops in demand) and whose response time to demand is not critical [12, 31]. In other
words, the central warehouse of components or spare parts of this type is replaced by
centralized production capacity and inventory of materials and 3D files for additive
manufacturing [28]. The costs of storing raw materials and files for additive manu-
facturing are lower than those of components with large peaks and dips in demand,
so the overall inventory packing and storage costs of centralized AM-based supply
chains are likely to be lower than those of conventional supply chains.
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Advantages Disadvantages
Costs * Reduced stock-keeping and * Higher centralized fixed costs for
packaging costs for compo- investments in additive machines
nents, Rroducts, an.d spare * Higher costs of raw material
parts with fluctuating and
X warehouses
unpredictable demand
* High energy costs
Customization * Higher degree of customization
of the component without
extra-costs
Risks * Lower risk of stock-out of
safety components and spare
parts
Times * Slower component throughput-times
Table 2.

Centralized additive configurations.

The presence of a centralized additive production capacity reduces the risk of
stock-out of safety components and spare parts and increases the possibility of their
customization.

On the other hand, costs for fixed investments and the dependence of the supply
chain on suppliers of raw materials are growing. The costs of additive machines are
high as well as energy consumption, while the impact of additive technologies on the
total transport costs of the supply chain must be measured and evaluated according to
the specific contextual situation.

Below is a synthesis of the analysis so far (Table 2).

3.2 Decentralized additive configurations

Implementation of additive technologies in production facilities close to places
where end-use products are used, that is, close to the external or internal custom-
ers, draw AM-based decentralized supply chains and support product customiza-
tion strategies. Bypassing component suppliers and end-use product distributors,
AM-based decentralized configurations reduce the number of tiers in the supply
chain Therefore, they embody the disintermediation of the supply chains, generating
reductions in logistics costs, however in the face of the multiplication of local invest-
ments in the supply chain which must therefore be justified by local demands to be
met in a specific way and in a short time.

In a nutshell, investments in decentralized additive machines increase the fixed
production costs of the supply chain and lower the costs that depend on the logistic
levels (e.g., transport costs, warehouse costs).

The lower total stock-keeping costs of AM-based decentralized supply chains,
compared to traditional ones, are determined despite the greater presence of inven-
tories of raw materials, often in the form of powders or liquids, instead of inventories
of components and sub-assemblies, which are bulkier and more expensive than
materials. It follows that whether on the one hand, it is possible to observe a minimum
dependence of the decentralized supply chains on the suppliers of components, on
the other hand, a greater dependence of the same supply chains on the suppliers of
additive raw materials is generated.
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Decentralized supply chains based on additive technologies tend to guarantee
shorter delivery times of products compared to centralized ones, as a consequence not
only of the reduction of logistic tiers, but also of the proximity of AM machines to end
users of products or spare parts. Furthermore, it should be considered that, in decen-
tralized AM-based supply, the decrease in transport costs is determined not only by the
disintermediation of the supply chains (the decrease in the number of tiers) and by
the proximity of the AM machines to the end customers, but also by the object itself of
the transport (raw material rather than components and end-use products.)

As aresult, the risks of transport damage to components and products are reduced.

Coeteris paribus, by reducing transport and realizing manufacturing in situ,
disintermediation of supply chains guarantees lower consumption of fossil fuels and
lower carbon dioxide emissions.

Although additive machines consume electricity to a large extent, the total bal-
ance in terms of environmental sustainability of AM-based supply chains is proven as
tendentially positive by numerous studies—also thanks to the lower weight of vehicles
(aircrafts and cars) that have hollow and light components.

Decentralized AM-based supply chains serving the plurality of local markets have
also been defined as mini-factory networks [14, 35]. Mini-factories are local produc-
tion facilities close to the end customers. Additive manufacturing technologies, with
which each mini-factory is equipped, reduce customization costs. In addition to pro-
duction activities, each mini-factory carries out sales and customer assistance, often
also digital product design activities. Networks of mini-factories are enterprises of
pure and tailored customization [13]. Proximity of the mini-factory to the customer
or a local market allows the focal company della supply chain to access customer
knowledge which is highly strategic for the purpose of creating customized or highly
customer-specific products, but also for innovative processes.

By favoring short delivery times and low costs of production of personalized or
unique products, mini-factories embody lean agile factory principles.

As aforementioned, the decision to invest in distributed AM machines—which
are expensive at the current stage of development that additive technologies have
reached—must be economically justified by the existence of local demands, even
if low and fluctuating, which must be satisfied in a personalized way and in a short
time, as in the case of spare parts requested in aeronautics or biomedical sectors
(heart valves, prostheses, dental implants) [9, 26] or be motivated by demands from
places difficult to reach by conventional means of transportation [9, 24, 36]: so, addi-
tive manufacturing is certainly the enabling technology of space economy.

The decentralized implementation of digital additive manufacturing technologies
in a supply chain implies the replacement (total or partial) of warehouses of compo-
nents and sub-assembly systems, spare parts, and end-use products, not only with
warehouses of raw materials, but also with “virtual warehouses” of digital design
files. Raw materials and design files travel faster and more efficiently than physical
materials, components and products, along supply chain tiers—the latter reduced in
number—and no specific local knowledge is required for on-site production: designs
submitted to decentralized production structures through IT infrastructures, incor-
porate necessary knowledge for product realization. Therefore, as a precondition,
implementation of additive technologies in decentralized supply chains requires huge
investments in ICT infrastructure, capable of supporting the production and circula-
tion of knowledge incorporated in designs in supply chains themselves. In fact, the
lack or weakness of ICT infrastructure of a supply chain is to be considered bottle-
neck, which hinders the implementation of additive technologies [23].
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Advantages Disadvantages
Costs * Lower transport costs * Multiplication of fixed costs
* Lower stock-keeping costs * High costs of additive
* Lower consumption of fossil fuels and lower machines
carbon dioxide emissions = lower environmental * More investments in IT
impact of manufacturing production infrastructures
Customization * High customization of single units or small

batches without extra costs

* Access to customer knowledge

Times * Shorter delivery times
Competences * No specific local competence required for on-site
production/ability to produce in hard-to-reach
places
Risks * Lower dependence on component suppliers * Increased dependence on raw

* Lower risk of stock-out of components and spare materials for AM suppliers

parts

* Lower risks of transportation damage to products

Table 3.
Decentralized additive configurations.

Additive manufacturing also requires customer digital design knowledge and
skills: to be made on demand, that is, according to customer-specific requests, addi-
tive products must be designed on the basis of co-design platforms that carry out
co-creation of value with customer.

Therefore, a first summary can be drawn from the analysis carried out so far:
additive technologies centrally located in a supply chain generally reduce the costs of
central component or spare parts warehouses whose response times to demand are
not critical, replacing them with fixed investments in machines additive and with
warehouses of raw materials and 3D files for additive manufacturing; decentralized
additive technologies lower the number of supply chain levels, and therefore all those
costs that depend on that number (e.g., transport costs and warehouse costs of the
entire supply chain). It can be said that the lower the level of supply chain affected by
additive technology implementation, the greater product customization guaranteed
to the customer, but the lower cost savings ensured.

Table 3 shows the summary of the pros and cons of decentralized AM-based sup-
ply chains versus conventional ones, based on the analysis so far.

3.3 Hub additive configurations

In between the two aforementioned structural configurations are hub
configurations.

In logistics, the concept of supply hub is well-established in conventional manufac-
turing [17]. From the point of view of conventional technology supply chains, the con-
cept of hub refers to supply of components or sub-assemblies to local production plants.
Hub functions as a buffer of components for the manufacturing plants in a just-in-time
context [6, 17, 37]. In fact, the purpose of supply hub is to satisfy downstream demand
in a timely and regular manner, and this occurs both thanks to its proximity to the main
plant and by assembling parts purchased from upstream suppliers into sub-assemblies
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to send downstream [38]. Therefore, the use of a supply hub reduces supply risks and
investments in equipment and labor of the entire supply chain compared with struc-
tural solutions that involve the direct supply of components from external suppliers. As
aresult, the complexity of operations at the supply chain level is reduced.

In a nutshell, in multilevel supply chains, a consolidation hub enables smooth and
reliable supply of components or sub-assemblies to manufacturing plants and lower-
ing structural costs. All this fosters transition of manufacturing in a just-in-time (JIT)
context [37].

Supply hub can belong to one supply chain or serves multiple ones. In the latter case,
higher volumes of off-the-shelf components purchased and high production volumes of
sub-assemblies supplied to local locations, greatly reduce end-use product unit costs.

In an additive manufacturing context, hub configuration refers to an intermediate
supply chain structure between fully centralized configuration and fully distributed
one. Hub’s AM machines are located in a logistic tier between the main plant and local
manufacturing plants. They are oriented toward the realization of various strategic
objectives, some of which are pursued by AM-based centralized supply chains, others
by decentralized ones.

Therefore hub configuration has some of the main advantages of a centralized
manufacturing supply chain configuration (e.g., it requires fewer machines and less
manpower to meet total demand than a decentralized supply chain configuration, and
thus guarantees better utilization of production capacity), but also some advantages
of decentralized configuration compared to the centralized one (lower transport costs
and faster, cheaper and smoothly supplies) [2].

4. The decision-making process for the implementation of additive
technologies in conventional structures: method guidelines

Distributed or decentralized AM-based supply chains are likely to be more con-
cise than traditional ones—and also than centralized AM-based ones: they cut off
component suppliers and distributors, but become more dependent on raw material
suppliers. It is known that raw materials for additive manufacturing are expensive,
but generate lower inventory costs than the components and end-use products ones.
Raw material costs are variable production costs; instead, component, spare part, and
product costs include fixed costs. Because decentralized AM-based supply chains have
fewer layers than conventional ones, and centralized AM-based ones, the transporta-
tion costs of the former are likely to be lower than the latter.

All things being equal, in AM-based supply chains variable production costs are
higher than in conventional ones, due to material and labor costs, assessed by Li et al.
[31] as higher than those incurred by a supply chain based on subtractive technology.
In fact, as anticipated in the previous pages, additive technologies generate a change
in the required work roles: less manual work, less knowledge related to machines, but
new design and operational roles, generally more expensive than the manual ones of
subtractive production.

As regards fixed costs of production, Li et al [31] point out that supply chains
based on additive technologies may not be cost-effective compared to those based on
conventional technologies: costs of AM machines are still high today and multiply in
the case of distributed production.

In our opinion, it should also be considered that additive machines undergo
rapid obsolescence due to the acceleration of technological innovation in this field of
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application, so the incidence of fixed costs on additive product unit cost tends to be
more high a fortiori.

Based on what has been described in the previous paragraphs, it can be argued
that, although additive manufacturing has many advantages over the conventional
one, this is not enough to support the superiority of AM-based companies or supply
chains over conventional ones in any business situation and environmental context.
In fact, on the basis of the analysis so far, it can be noticed that there are negative
quantitative interactions between pros and cons of additive manufacturing, that make
AM-based company or supply chain not always feasible or appropriate.

All this for saying that the advantages and disadvantages of implementing additive
technologies in conventional companies or supply chains have to be measured ex-ante
and assessed in trade-off to decide about additive manufacturing choice.

As guidelines of company or supply chain management, in order to design a
decision-making process for the implementation of additive technologies in organi-
zational structures based on conventional technologies, a number of decisions are
suggested: firstly, which method of simulation of company or supply chain based
on additive manufacturing to adopt, then which specific additive technology to
implement. With regards to supply chains, the focal company also has to decide at
which level of the supply chain to implement additive manufacturing, that is, which
AM-based supply chain configuration to adopt. In the previous pages, we have argued
that the logistical level of the conventional supply chain affected by the implementa-
tion of additive technologies depends on the supply chain strategy decided by the
focal company, in other words, the configuration of the AM-based supply chain that
comes about depends on the chosen supply chain strategy.

The decision-making process for the implementation of additive technologies in
conventional companies or supply chains always requires the choice of a simulation
method on the basis of which to build AM-based company or supply chain models
from which to derive cost functions to be compared with those of the status quo. The
comparison between the aforementioned cost functions substantiates the ex-ante
and trade-off assessment of the advantages and disadvantages of the additive option.
Furthermore, the decision-making process described up to now must be repeated for
all the different and possible additive technologies that can be adopted, because the
effects that each of them can produce on conventional companies or supply chains can
be so different as to imply different decisions.

In another study of ours [21], we specified that only a small number of scholars
deal with the evaluation of the pros and cons of the implementation of AM from a
quantitative point of view, thus filling a gap present in the studies on additive tech-
nologies. Among them are Li et al. [31], who suggest that the choice of one supply
chain configuration can only be taken by resorting to mathematical simulation
models of supply chains from which to derive functions of quantitative variables to be
compared, mainly cost functions.

5. Conclusions
5.1 Recent advances
* Centralized implementation of additive technologies in a conventional supply

chain lightens and simplifies its structure without changing the number of
logistic tiers (component supplier-manufacturer-distributor-customer), because
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it reduces the intervention of suppliers of components and spare parts required
fluctuating and in small quantities by the manufacturer. The result is reduced
inventory costs, as centralized additive machines reduce the risk of stock-out of
discontinuously requested, low-quantity spare parts and components. In a cen-
tralized AM-based supply chain, inventory costs are therefore likely to be lower
than in a conventional one, although they are partly replaced by AM machine
costs. Product customization is allowed not only by the assembly of modules
but also by the potential of additive machines. The production context is that of
modularity. Balance between the advantages and disadvantages of a centralized
additive choice has to be measured to decide on its implementation.

Distributed or decentralized AM-based supply chains are likely to be more
concise than traditional ones and centralized AM-based ones: they cut off
component suppliers and distributors, but become more dependent on raw
material suppliers. It is known that raw materials for additive manufacturing are
expensive, but generate lower inventory costs than the components and end-use
products ones. Raw material costs are variable production costs; instead, com-
ponent and product costs include fixed costs. The customization of the product
is made possible by the large geometric freedoms with which the product can

be made, allowed by the additive machine near the customer. So the production
context is that of pure customization. Since decentralized AM-based supply
chains have fewer levels than conventional ones, as well as centralized AM-based
supply chains, any cost dependent on those levels (i.e., transportation cost) is
likely to be lower in the former than in the latter. Balance between the advantages
and disadvantages of a decentralized additive choice has to be measured to
decide on its implementation as well.

No AM-based supply chain configuration is better than the other because the
advantages and disadvantages of each, inferred from simulation models, must be
measured quantitatively and weighed in trade-off assessments. Thus, in certain
organizational and environmental contexts, conventional supply chains can be
better than additive configurations.

Referring to Verboeket and Krikke [23], we specify that the replacement of the
central warehouse with centralized additive machines can represent a first step in the
process of implementing additive technologies in supply chains and that, over time, a
configuration centralized AM can evolve into a distributed one.

5.2 Future directions

The development of additive manufacturing technologies is moving toward the
maturity stage, therefore, a rapid improvement in the technical characteristics of
additive machines on which economies of scale depend, such as throughput time and
standardization of production, is likely.

As aresult, an increasingly vast adoption of additive machines in companies and
supply chains is foreseeable, accompanied by a progressive decrease in prices.

Nowadays the consumer increasingly wants to participate in the business process
of value creation, postulating personalization, short delivery times, and, at the same
time, convenient prices. Additive technologies allow for the most suitable product
solution for this market context.
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The near future is a complete outsourcing of the production process to the con-
sumer. So, distributed manufacturing can be considered an intermediate stage in the
evolutionary process of manufacturing toward pure customized production made
directly by the consumer, using design files downloaded from open design platforms,
and by home printers or nearby 3D printing shops [39].
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