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Foreword

The evocative expression “3D printing” has been overtaken in everyday speech
by the expression generally preferred by scientists and engineers, “additive
manufacturing”. In both cases, it is a matter of manufacturing objects in successive
layers, and soon every workshop and every school will have a 3D printer and engage
in additive manufacturing. Self-service workshops known as fab-labs already offer
users the possibility to create their own objects. However, the adventure is not over,
as “4D” is coming up over the horizon with materials that evolve over time, not to
mention “bio-printing”, which aims to create organs to be used to repair the living.
Furthermore, the 3D printing of tomorrow, which will be performed without layers,
threatens to make the term “additive manufacturing” obsolete, thereby making it
possible to return to the initial concept of 3D printing. Whatever the case may be,
we are faced with not only a very active and booming world, but also a complex
world that calls on numerous skills in physics, engineering, chemistry of materials
and mechanics with a resolutely multidisciplinary and convergent approach.

To understand the origin of the ideas in additive manufacturing/3D printing,
learn about the current state of what is known and explore the developments to
come, what could be better than to ask one of the inventors of the technology and
one of the first French patent holders in the field, Jean-Claude André, to share his
knowledge with us? This led to the idea of this 3-volume edition that I am pleased to
present; a work that is both erudite and prospective, as its intention is to start at the
genesis of the ideas that led to additive manufacturing to anticipate the impact and
future of still “additive” technologies and, beyond this, to encourage reflection on
the interactions between science and society of today and tomorrow.



xii  From Additive Manufacturing to 3D/4D Printing 3

If the first patents date back to 1984, an era where lasers, photo-materials and
computer-aided design had already been mastered, was the idea of additive
manufacturing completely disruptive as would be said today. What was creative was
to put all of this knowledge together to come to something entirely new.
Nevertheless, approval for the concept of additive manufacturing came rather
quickly. It is on this basis that other additive methodologies, currently many of them
with very specific niches, could be developed. These range from prototype and
industrial parts to art, variable spatial scales — from the decameter to the nanometer —,
from the inert to the living, from industrial organizations to very delocalized forms
of manufacturing, etc.

On the basis of these works with varied applicative and societal spectrums, some
of which are in the process of becoming stabilized, others to be invented, the
principles of additive manufacturing can serve as an example, even as a “laboratory”
to better understand how the interactions between research and society can (and
must) develop, whether this is through new scientific concepts and the associated
concepts of creativity, interdisciplinary scientific and technological operations, the
popularization of public research, links with society in terms of the creation of new
markets and jobs, and also forms of responsibility and ethics.

Throughout these three volumes, the author would like to invite you to reflect on
the circuits between the applications that pose new scientific questions and prior
research which opens the door to new applications or new products. The more we
progress in the field of new niches, the more previously unasked scientific questions
are considered, questions whose answers (if they exist) are supported and
encouraged by public authorities and industry, which are gaining awareness of an
immense industrial and/or medical market, as is the case for bio-printing. From
dream to reality, scientists are often in the position to anticipate the length of the
path; however, a dynamic is created. This leads to cultural changes and changes in
practices, particularly concerning the importance of creativity, sharing enthusiasm
for research, openness with others, the multiplying (and sometimes inhibiting) effect
of public actors, on the one hand, and the economic world, on the other, as this work
illustrates wonderfully.

This saga of additive manufacturing, told by one of its inventors, teaches us that
creativity alone does not suffice; it is necessary to have a good dose of perseverance
as well, and it is, of course, necessary to keep moving after the first failures. In
addition, this shows us that sometimes the research structures and the environment
are not entirely receptive to innovation, even when success comes relatively quickly.
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Jean-Claude André also explains with great enthusiasm how we give shape to an
idea to feed our intuition, which in turn increases creativity. On the whole, these
three volumes provide a wealth of information on additive manufacturing, and
additionally, they illustrate and encourage veritable reflection on the task of a
researcher and research structures, as well as the role of creativity in research, and
finally, they invite us to rethink and reinforce the relations between science and
society.

Jean-Charles POMEROL
President of the Incubateur AGORANOV
and the ISTE Editions Scientific Committee






Preface

“We have too often forgotten that specialists are created from
amateurs, just as soldiers are made from civilians”. [LAT 07]

“In France, strangely enough, it is not those used to sailing the seas,
the specialists of the real and tangible, who are asked for advice
guiding the flagship, but the members of a caste who stay at port and
who, for the most part, have only purely theoretic knowledge of the
sea”. [BEI 12]

“Technology has taken on a new breadth and organization. Here, 1
am searching for its specific structure, and I have noticed that it exists
as a system, in other words, as an organized whole”. [ELL 04]

“Those in the organization who have ideas to do things otherwise or
better are divided into two categories: those who do not dare and
those who dare. Those who do not dare understand very well the risks
and the importance of new ideas, but they are paralyzed by risk taking
and the fear of displeasing. Having never tried anything, they have not
known failure and are thus unharmed by reproach [...], they are
quitters. Those who dare, the innovators, move forward by
challenging conventional ideas, organizations, and sometimes
procedures. They stir up fears and a lack of understanding and are
truly criticized...”. [PHI 12]
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“Science has largely renounced an interdisciplinary vision allowing
the merits of different results to be faced”. [THO 83]

“Theory is when everything is known and nothing works. Practice is
when everything works and no one knows why. Here, we have
united theory and practices: nothing works... and no one knows
why!”. [EIN 07]

“These creatures of man [machines] are exacting. They are now
reacting on their creators, making them like themselves. They want
well-trained humans; they are gradually wiping out the differences
between men, fitting them into their own orderly functioning, into the
uniformity of their own regimes”. [VAL 57]

“Speaking of discipline is designating the scientific activity as a
particular form of the division of labor in the social world”. [FAB 06]

“The imagination is brilliant in that it produces images that enlarge
reality and really invent it”. [GUE 15]

“In cultural terms, no enterprise is built with dreams alone and none
without. Action, if it is to be successful, is by necessity guided by
practical circumstances. But the goal of any action is defined,
implicitly or explicitly, by the deep nature of the human being, his
dreams, his vision of life, his culture. The dynamics of life, the
challenge of risk and uncertainty, today require from us a new
creative effort leading to the reconstruction and to the re-conquest of
the notion of progress, which the philosophies and the ideologies of
certainty have shuttered almost to the point of destruction”. [GIA 90]

“Researching is inventing the world, it is setting new rules of
functioning for an ephemeral world. Not like the tyrants who also
invent a new world for themselves, but impose it upon others. The
researcher does not recreate the world, but rather unravels it to make
it. He/She imagines one, then compares it with the real world
to clarify it and not to exhaust it. Researching is an endless quest”.
[ROS 01]
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Figure 1. From additive manufacturing to 3D/4D printing

This book (in three volumes) is the result of a demand that has been repeated
countless times for different reasons, notably among these, of the oversight and the
reminder of the oversight to cite a French school that in 1984 succeeded to patent
the first additive manufacturing process, stereolithography, several weeks before the
Americans (who were working on the same subject, without either party knowing
it). However, at the same time, thirty or so years later, it is a history lesson that can
be told about a process concept, tossed out in France, without any malice of course,
by “clairvoyant hierarchists”, the explosion of the research team who felt their future
was blocked and an American technical-economic development which has today led
to several books and more than 50,000 scientific publications on additive
manufacturing, because consequent applicative markets exist with profitable
enterprises (and also because there is an immense attraction field around this subject
that conditions the actions of a great number of researchers).

So why have we entitled these three volumes “From Additive Manufacturing to
3D/4AD Printing”? First, it was about locally bringing material and/or energy to
perform a transformation (e.g. from a powder to a solid or from a liquid to a solid).
The expression “additive” then takes on its true meaning. But for a short time now,
researchers have been developing (or working on) new processes that allow this
change to be avoided through the additions mentioned at the start of this paragraph.
It thus becomes possible to create an object in one go. Moreover, the use of
so-called “smart” materials authorizes the introduction of a complementary
parameter, i.e. time or functionality. The 4D aspect is thereby introduced.
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The first volume on additive manufacturing is strongly linked to the existence of
an effective economic market, one that is already significant, stemming from
technological research in the engineering sciences connected to an essential
component, that of materials (and of manipulating them to prepare them for
manufacturing). It will take several decades for 3D technology to emerge and find
its place as a robust technology for manufacturing objects in quite diverse domains.
This situation, linked from the start to a strong attractiveness on the part of industrial
R and R&D services, has allowed for “field” experimentation with competent users
who are more and more demanding in terms of manufacturing qualities (without
seeking in this preface to define what this quality, a true portmanteau, represents).
Mastery by users, on the one hand, and competition between the bearers of
knowledge pertaining to different 3D printing knowledge, on the other, are
translated into new demands to be satisfied. In this framework, this demand has in
fact made up one of the driving forces of incremental research, a “technology pull”
described in Volume 2 (at least as much as is known (or published)).

A solution is good if and only if the concept, its demonstration with the right
people, a culture of industrial innovation, and time and finances effectively come
together. Maybe at that time, in 1984, there was a closed system of opinion and self-
centered management that had not even thought of a possible debate on futuristic
technological openings. This conformity to a manufacturing follower style of
thinking was more and more often considered to be obsolete. But there was also,
beyond socio-economic milieus, an incredible viscosity with many scientists: the
most common attitude was not openness to other explicative schemata, but in the
majority of cases, the ignorance and/or refusal to accept their existence. Tricks that
only imperfectly fit into our ethics as researchers (at the time) must be made and
likely developed.

According to estimation methods, the revenue from additive manufacturing
lies somewhere between 5 and 40 billion euros (we could think that this is an
estimation of the number of protesters in a claim by the police or trade unions!).
Some speak of a revolution and others imagine senseless promises (which, according
to Audétat [AUD 15], could put every emerging sector in danger); in short, things
are booming at present with seven main stabilized technologies and a new kind of
governance (Jeremy Rifkin’s “makers”). This appreciative placement of the
normalizers into categories is indeed rather artificial. Beyond a recent manufacturing
technique that associates computer science and matter, 3D printing, with cheaper
and cheaper home machines (down to a few hundred euros), constitutes a



Preface  xix

paradigm shift that impacts product design (which can even be defined, thanks to
“open-source” systems), creation (from heavy industry to one’s “garage”),
consumption and the business models that result from them (from market activity, a
new handicraft and DIY (Do-It-Yourself) to counterfeiting).

In fact, the progression rates are always in the double figures (between 20 and
40% per year), which leads some to believe that the additive manufacturing
processes will continue to evolve for a long time to become a widespread
technology, as they increasingly occupy ever-new applicative niches, quashing the
other manufacturing methods that made up the skeleton of 20th Century industrial
manufacturing. But what do tens of billions of euros per year represent for the world
relative to France’s “small” debt amounting to 2 trillion euros? It is therefore
difficult to project a future which leads to a possible hegemony of additive
manufacturing; besides, it would be more interesting to explore how intelligent
synergies can be implemented with technology that emerged long before 1984. Yet,
as is resurfaced in Volume 2, there are spaces, still relatively empty, where an
attempt is made to challenge the very concept of adding material to processes.

The early 21st Century is marked by the “hegemonic” presence of the digital
transition with the technological and practical complements of additive
manufacturing processes likely to affect Western society in a quick and profound
way. “In the face of radical innovation markets, where the first arrivers can acquire
decisive, dominant positions and make the passage of other markets and the
economic actors in place disappear, keeping a distance and watching things happen
can lead to considerable social and economic costs” [FRA 17]. To go beyond this
already uncertain space and become involved in disruptive innovations implies
taking risks, thus accepting potential failure, facing their possible negative
consequences, and being capable of learning all the lessons this teaches. “If we do
not proactively incorporate innovation, this will end up being imposed all the same,
in an even more disruptive manner” [FRA 17]. In short, it may be useful to
anticipate.

In roughly a century, the number of researchers in Europe has gone from a few
thousand to a few million, and despite some disturbances, this trend is continuing.
Research activities have been the subject of reassuring discourse on the researcher’s
independence, on the one hand, and on the other, of a certain programming of
research with the aim of achieving goals: security (before the fall of the “Iron
Curtain”, for example) and economic developments (from mass production with
ECSC projects to information and communication sciences and technologies)
participating in different forms of competition from France and the European Union.
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On this basis, the stereotypical image of the scientist, responsible for the truth
and good, is still part of the idealized image, which often positions him/her very
highly in relation to a social reality of which he/she only has an imperfect mastery.
The will to achieve the best “research efficiency” has led to the promotion of rather
mono-disciplinary processes that are easier to manage from “peers”, referents of a
discipline. On the one hand, in-depth scientific study is maintained by actors from
the same field provided that the guarantee of excellence is defined and respected; on
the other, for the State, it is easier to realize international comparisons discipline
after discipline. Indeed, and this is necessary to remember, without really noticing it,
we have gone from a limited worldwide scientific elite to mass research (with tens
of thousands of scientific journals) which represents a characteristic that is not
discussed by developed nations: research must indeed allow society to respond to
the great challenges that loom today: employment, progress, security, global
warming, health and quality of life, sustainable development, etc.

Without seeking to speak of two worlds exploring different paradigms, one of in-
depth study, the other of responding to social demand (even its anticipation), for this
aim would be too limited, rather we look at evolutions translated by a research
program that takes account of the different and sometimes antagonistic imperatives
(see Volumes 2 and 3). This situation actually shows, at least in part, that the
researcher is an element of society who is not independent, even if forms of “grand
isolation” have long protected him. But, in the European Charter for Researchers
signed by France at the CNRS (National Center for Scientific Research) in 2005, a
reminder is given that “Researchers should focus their research for the good of
mankind and to expand the frontiers of scientific knowledge, while enjoying the
freedom of thought and expression, and the freedom to identify methods by which
problems are solved, according to recognised ethical principles and practices.”

Without this having been noticed by most of the research actors financed by the
State, even if the notion of good is not easily defined (in any case, it does not simply
mean the absence of evil), this sentence is a reminder of the role of research
centers as a social (or societal) actor, implying new approaches like functioning
through interdisciplinary projects and strategic reflections negotiated by
stakeholders, stemming from a new prospective work. Considering their importance
for the development of citizens’ quality of life, research associated with technology
is an element that is really starting to be discussed. Indeed, it has participated in the
“natural” evolution of things and technological progress has long allowed man to be
free from a number of material constraints. In this framework, the rhythm of
implementing research results has been greatly modified and complicated, thanks
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to a more and more frequent coming-and-going between “manufacturing” and
research, and thanks to a hybridization of technologies as well as, to a lesser extent,
modes of research action (added value from the ability to interact). To work in the
new economy of knowledge with greater partnership, there is a need for better
reflection on creativity, innovation, and the societal impact of scientific and
technological activities. So then, in today’s context of growing co-constructed and
contractual research actions, must/can we break away from the ‘“researcher’s
temptation of innocence”, of the consoling illusion of “neutral” science, or of the
simple transfer of responsibility to the deciders/financers? It will be understood that
these are somewhat the stakes of the current evolutions/revolutions applicable to
additive manufacturing, and particularly to its future.

With the concept of informed matter, there must be a possibility to modify the
shape of objects in time (4D printing), to print living matter (bio-printing), etc. It is
thus conceivable to come closer to life by flirting with its possible prolongation!
This questioning, like 3D printing pushed to its limits (nanomanufacturing,
micro-fluidics, electronics and robotics) associated with other domains, does not
correspond to an economic market present today, but instead, if researchers,
breaking with the traditions of incremental innovation, succeed (thanks to a bit of
creativity and epistemic exploration), immense markets (relative to the “modest”
market today amounting to 10 billion euros per year) should open up. The illustrative
example of bio-printing which could correspond to a market worth several hundred
billion euros per year is a great demonstration of the stakes linked to research
concerning initial findings, presented in Volume 3.

If it is necessary to put some of this enthusiasm into perspective, the “classic”
additive manufacturing technologies, which have already successfully demonstrated
their numerous capacities of industrial development, offer application fields, some
of which are very recent and possible, thanks, in particular, to disciplinary research,
enabling existing manufacturing processes to be improved. This concentration on a
clearly identified objective, process—material optimization, has limited more creative
research leading to weaker programming and support for “divergent” researchers,
whose numbers, for various reasons, are rather limited in the world of research.
Nevertheless, these new applications called 4D printing, bio-printing, 5D printing,
etc. result from more complex interdisciplinary activities that, if they succeed, could
open markets, no longer in the 4-digit range (billions of euros around the world), but
in all likelihood in the 5- or 6-digit range!
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There are thus (at least) two types of challenge in additive manufacturing, one is
the realization of 3D pieces which contribute a (the most) crucial input relative to
the more traditional manufacturing techniques (prototyping, foundry, soldering, etc.)
and the other is more prospective on openings in new fields with renewed
approaches (and with the associated difficulties). For this reason, with the publisher
(ISTE), there was a wish to present the 3D domain in three parts, one with validated
scientific and technological bases (certainly with potential redundancies relative to
other works on this subject) and the others based on a field of possibilities that offers
new epistemological questions, terrible risk-taking, but considerable stakes.

In the first three volumes, it was actually about writing two open “scenarios” that
were slowly constructed within a framework, but without a very strict preliminary
plan, the scenarios in which the elements were to be introduced and discussed would
be spread in an a priori graded manner. Each chapter has some degree of autonomy,
which can be translated by possible repetitions (as few as possible, however), with a
“history” that is progressively fed thanks to the in-depth reading of hundreds
(thousands?) of publications, numerous times meandering through and delving into
beautiful ideas and scientific meetings for debates, sometimes with success. The
gray literature has been a vital source for what is happening in the field at times,
which explains the numerous references to the websites in some chapters.

In Volumes 1 and 2, the reader is sensitively placed within the “summary table
of disciplines” published in 1829 by Auguste Comte with an “institutional”
organization for scientific disciplines, enabling incremental research and
development in additive manufacturing. In Volume 3, the idea is to place the reader
in a less programmable mode of functioning, with a recursive, systematic and self-
organizing character of knowledge, a better willfulness in processes, which sets it
apart from the first two, yet it is nevertheless complementary (because it is still
constructed using what is known). However, a bit of naivety and/or ignorance may
allow for progress to be made in the domain by tackling new paths of creation from
a small amount of scientific and technical knowledge in a less “professional”
manner, but full of enthusiasm towards a new world to be explored.

An intentional artifact (linked to the engineer and/or designer’s work) may be
considered a means of connecting an “internal” environment, the substance, the
functioning, and the organization of the artifact itself and an external environment,
the surroundings in which it is implemented. If the two environments are
compatible, the artifact responds to the specifications. As underlined by H.A. Simon
[SIM 04] in another framework, the knowledge of an artifact as an additive
manufacturing machine “benefits from an advantage on the knowledge of nature, for
it is based on valid, previous foundations whose ends will be perverted with a
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certain dose of new willingness to give projects intelligibility and openings on
society.” This notion can also be found within the facts in the three works, but with
different interdisciplinary openings.

In Volume 3, for the researcher who studies the behaviors associated with the
intrusion of temporal aspects and functionality in additive manufacturing, the
systems operate for sufficiently long, entirely determined times. But, like “self-
organization” phenomena, they can become very off-balance and sensitive to factors
considered to be negligible near equilibrium. This is the intrinsic activity of the
increasingly complex system, with an increasingly nonlinear behavior, which
determines how it is possible to describe its relationship to the environment, which
thus generates the type of intelligibility that will be pertinent to understand its
possible stories. It is thus not only a matter of an applicative field with its
constraints, but also of a theoretical domain to be approached and interrogated in
order to resolve the end/means equation in a robust way so as to achieve it.

It will be understood that the epistemological foundations of the reflections in
Volume 3 are based on the complexity paradigm, where interdisciplinarity is
projected as one of the means of study. The disciplinary approach is too often
divided, fragmentary and linear, hence a master idea aiming to know how to
percolate through disciplinary borders so that the complexity paradigm can truly
spread, notably because the recomposition of thought categories can no longer be
based on borders and disciplinary subjects, but on boundary subjects based on the
creative, the divergent, who, having no fear of recursiveness, hope to legitimately
respond to the great risks society must face.

This change in delivering research for a more systematic approach does not hope
to be the indicator of a field of scientific disciplines that, hoping to keep its power,
loses its authority, even if current societal issues still cannot handle constructive
forms of subordination well. It aims for a real, responsible integration of activities
open towards society, bearers of meaning, allowing new research in additive
manufacturing to be made to emerge as credible scientific evidence of movements
that are materializing.

The evocation of different attractors of disruptive innovation in 3D
manufacturing is the focus of Volume 3, in addition to its scientific and technical
aspects. The author uses his experiences in this volume to recreate a bit of the
history of new additive manufacturing processes, which could, in case of success,
invade our daily lives in some years. It is in the spirit of creating a history,
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and interiorizing it by trying with the time and means available to re-establish them
with a personal vision, with the risk of committing mistakes, of having failed with a
promising idea. But this is the price to pay.

In the three volumes on the subject of additive manufacturing, it is shown that in
relation to almost every problem, there is in fact a creative avant-garde with low
inertia: this is carried out by groups of divergent researchers working in practice on
the problem at hand. Then there are all the followers, who will structure the
“paradigm” and engage it only in forms of conservatism authorizing research to
improve processes or materials (“programmable” research). It will take years, even
decades, for this paradigm to change positions — often with shoves (linked to the
work of the creative by following information provided by the avant-garde). ‘“Paths
must be transformed into roads, the ground leveled, etc., so that the landscape will
transform significantly until it becomes the main group’s parking place” was written
by L. Fleck in 1935. Could this context, in terms of research, be adapted to
economic development? These characteristics of considering time, and its
management, are the elements to be taken into consideration in a process of spatial
and temporal transformation of matter that displays significant advantages.

Thus, beyond scientific aspects, indispensible techniques will be discussed to
examine how the edifice of additive manufacturing was and is being built through its
cultural filters and filters of understanding and interpretation. Anticipating the future
of the field of additive manufacturing in the larger sense, to be in a position to
prepare ourselves, is considered one of the keys for the long-term durability and
competition of companies. This imperative to think of the future, to add to this
divergent thought to create new devices for creating objects with the adapted
material, devices that are functional, adaptive, “smart”, etc., today seems even more
significant considering the instability of the environment, the speed of evolution and
the generalization of uncertainty. In such a context, research locations must be
“offerers” of concepts, of their demonstration to anticipate the productive industrial
future, not to mention the technological, economic and governance systems in
which, on shorter and shorter reference times, companies evolve (undergoing
nonlinear dynamics, splits and breaks). This mission is not only meant for individual
researchers, but also for everything around them: research units, their administration
and also (and above all else) the proactivity of economic milieus.
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In terms of tomorrow and the future, can we not foresee new means of creating
objects? At present, we have mastered synthesis, the way in which the objects are
constructed. But we could also ask ourselves if it wouldn’t be possible to develop
systems in which we could give objects an intentionality, thus giving it the choice to
look for itself for what changes it needs to make, thus moving onto self-organization
with the selection of necessary elements that it would extract from a “bank” for the
edification of the final object. This would go beyond the 4D printing that tackles the
functional and evolutionary assembly of materials that should be able to come
together to create an upgradeable object and that could be made easier through
“programmable matter”: “Programmable materials and objects that are themselves
created would thus make assembly factors and heavy installation procedures
superfluous... Robotization, the heart of progress in 20th Century productivity,
could thus be integrated into the products themselves, with, as can be imagined,
some ethical problems to be taken into consideration” [FRA 17]. Let us thus dream
together of this future. The process attempted in these volumes therefore aims to try
to question a present (it is impossible to know if this present will likely be able to
achieve all its goals) and to determine the conceptual elements that could lead to an
original future with access to new applicative niches by exploiting revisited
paradigms.

Beyond the exhaustion of the reserves and consequences, it is also the way in
which we understand scientific policy to be carried out by taking into consideration
different world actors that should evolve to stimulate this nascent domain. In the
reflection these books are aiming to create in its readers, it will likely be a matter of
proposing changes to be undergone, which correspond to the conceptual
displacement of the economy allowed by technology towards a new economy of
creativity making a better effort to consider social, economic, organizational,
geopolitical, even emerging environmental constraints. It is a form of “design
thinking” that is thus to be considered. A reflection on the processes to help the
integration of societal data, far from its disciplinary culture, would probably also be
projectable (if only on the organizational aspects). In the end, it would be a matter of
demonstration, through changes negotiated with the responsible authorities (some of
whom are mute), leading to better exploration of the complexity, which can be done
well, if not better, maybe with less equipment, but otherwise in a context of social
and/or socio-economic demand that it would be advantageous to anticipate, if not
follow. The paradigm shift would then take place thanks to scientific initiatives,
which are marginal today, which remain aporetic in the paradigm in crisis, and
which should be muted in a new scientific era, less framed, applied to 3D printing.
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These three volumes can serve to think about the future in the domain that
remains exciting for the author after more than 30 years since his 1984 patent, so
that we can again find its place concerning its abilities of industrial creation and
development in an ever more competitive environment. 3D, 4D, even 5D
technologies constitute a path of promotion (among others that stem from the
author’s competence) of this desire for renewal.

NOTES.—

— For these three volumes, the search for the greatest possible number of specific
or general visions concerning the subject of additive manufacturing, which can help
the reader, has led to the presentation of the bibliography chapter by chapter and in
alphabetical order. In fact, it was almost impossible to classify the bibliography
through the numbering of entries.

— Some repetitions in the chapters of these three volumes may exist in an attempt
to give them certain coherence and to provide them some degree of autonomy.

Jean-Claude ANDRE
Research Director at CNRS
October 2017
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Introduction

“Fashion always conjugates the taste for imitation and the taste for
change, conformism and individualism, aspiration to merge into the
given social group and the desire to differentiate ourselves from it,
even by small details”. [SIM 03]

“Technologies...do not only produce instruments which transform our
life, they alter the reality which surrounds us and reorganize our
social lives. Such movement has got carried away since the industrial
revolution”. [KLE 11]

“We then count upon technological progress to later get ourselves out
of the problems that we come up against and which we know to be
real — habits and attitudes we have not got out of”. [LER 11]

“Does the risk not seem in the end both the impoverished and
simplistic manner in which Man from technoscientific societies, who
does not succeed in making sense of his/her unhappiness, realizes
what is happening to him/her”. [DUP 02]

“The definition of a given problem tends to freeze in the position
defended by bureaucratic agencies and to thus resist all forms of
transformation. Cyert and March [CYE 63], who were organizational
theorists, wrote that organizations seek to overcome uncertainty by
following routinized procedures. Such organizations do not anticipate
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problems, but rather respond to the feedback effects generated by
their own behavior. Hence, they tend to ‘reel from crisis to crisis’ by
relying upon standardized procedures for decision-making. This mode
of operation, in private as much as in public institutions, enables us to
explain how when a new problem arises, it can be misunderstood and
be subject to inappropriate treatment”. [REI 10]

“All desire originates from a given need, that is to say a form of
deprivation, indeed that is to say a form of suffering. Satisfaction puts
an end to it. However... the satisfying of any particular wish does not
cause sustainable and unshakable consent. It is like alms that they
throw to the beggar. They save him/her today, so as to prolong his/her
misery until tomorrow”. [SCH 14]

“The main role of the state may be to somewhat promote original
projects, by taking the risk of investing in research which leads either
to nowhere, or to something other than what we anticipate. In short,
this is high-risk research in which the point of a given discipline
seems to call for a form of transdisciplinary exchange”. [LEC 97]

“All forms of opinion are simply assessment. Such assessment leads to
a given reputation, and it is in demonstrating allegiance to
reputations born of conversations which are apparently trivial, that
we adopt both in market places and in polling stations”. [KAT 09]

“The disruptive innovations occurred so intermittently that no
company had a routinized process for handling them. Furthermore,
because the disruptive products promised lower profit margins per
unit sold and could not be used by their best customers, these

innovators were inconsistent with the leading companies’ values”.
[CHR 03]

“In Mandarin, innovation means the concepts of both learning and
copying”. [GOD 11]
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I.1. Introduction

NOTE.— The beginning of this introduction partly resumes that suggested at the
beginning of Volume 2 [AND 17b], to the extent that there are a certain number of
common features.

Additive manufacturing is made up of seven standardized processes, according
to the French standards NF: E 67-001 and international standards ISO 17296-
2:2015E. It involves the following processes [MAD 17]:

— VAT photopolymerization or stereolithography;
— material jetting;

— binder jetting;

— powder bed fusion;

— material extrusion;

— direct energy deposition (DED);

— sheet lamination.

The themes in Volume 1 [AND 17a] have already shown all of the benefits of
additive manufacturing within numerous spheres of application with the technological
specifications, which were able to be stipulated. The emergence of a small revolution
translates through various inclusion difficulties within a manufacturing culture, which
already has its own constraints. This leads to the promise of accomplishments while
everything within the manufacturing environment is far from being stable. The
performance is sometimes insufficient, as is the time taken for manufacturing
[DGE 16]. This is the case even if increasingly new materials, software and processes
reach a mature phase of their product lifecycle. Three-dimensional (3D) printing has
been introduced in a slightly surreptitious manner by proposing local production of
objects, which would otherwise be practically impossible. Even though there still
remain numerous outstanding issues in this sphere, transition to the growth phase still
occurs with double-digit gains.

“Additive manufacturing is often presented as being likely to radically
alter how objects are designed, as well as produced. However, the
production system organization and the mass distribution of the given
product still remain largely dependent on a number of significant
technical developments. The pace of such advances is difficult to
anticipate. At the current time, machines and processes do not allow us to
respond to all industrial production constraints. Progress may, in
particular, have to be achieved to increase the production rate”. [COE 17]
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At the same time, the emergence of a given technology removes numerous
design phases by supplying a tool that (in principle) sits between the computer and
the object concerned. This re-empowers designers and “makers” who can produce
innovative objects “in their own garage workshops”. The enlargement of this new
relationship between conception and the given device may lead to cultural
developments in the production process. This can be accompanied by desired
aspects of reintegration of some production nationally, and possible “uberization” of
given activities.

These components will still increase or develop from scientific, technological
and social perspectives, in equal measure. These have comprised a unique sphere in
which the author has “floundered” in a sense. In Volume 1, he has tried to share with
you a little of his hopes, with suggestions and opinions that you may choose to
ignore. From the author’s perspective, the important aspect is to fuel reflections
around the emergence of ideas for “informed” discussions.

In this book, volume 3 of the set, the spirit of the text is not entirely the same.
Indeed, it is envisaged that the sphere should be open to unexpected forms. This is
because the scales, constraints and other factors introduced into additive
manufacturing will change over time. In this setting, which remains vague, indeed
yet to be constructed, there are still limited numbers of published knowledge
sources. In these circumstances, it is difficult to “explore” the sphere. This leads the
author to simply mention the elements of information which he has retained from his
own reading. It will be interesting, in a few years, to examine how these spheres will
develop a structure, so as to move towards preferred directions, which will then
appear more clearly. This analysis will be all the more interesting for France (but
perhaps not France alone). This is because it will be necessary not only to establish a
link between scientific and technological sets of themes, but also individuals, who
are currently greatly “diluted” within the national research mechanism [FCM 17].

The German psychologist, Wolfgang Kohler (cited by [CAS 17]) explains in this
regard that “the most delightful moments of the history of knowledge take place
when facts which have been up to that point specific data, are suddenly related to
other facts which were apparently remote, and thus appear in a new light. Or, as
Steve Jobs said, more simply, creativity simply consists of linking things together”.
In these spheres, the author leaves it to the reader to discover upon reading Volume 3
that there are areas where we have to jump forward to practice serendipity, with a
necessity of taking risks. It is at this cost that risks taken by designers allow us,
without doubt, to structure new fields stemming from additive manufacturing and to
speak like Steve Jobs.
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Similarly, Arthur Koestler [KOE 65] confirmed that creative originality does not
consist of creating ex nihilo ideas, but rather by combining diagrams and well-
established structures, through, as it were, hybridization. “The act of creation is not
creation in the sense of the Old Testament. It is not creation from nothing. It
discovers, mixes up, and synthesizes facts, ideas, competencies, and technologies
existing already. The entire invention will be all the more surprising as the given
parts become more familiar”.

The technologies, which will be described here, are characterized by their major
interdependence with other spheres: nanotechnologies, biology, medicine, chemistry
and energy (and its storage). Of equal importance is the digital sphere, which must
never be forgotten. The breakthroughs, which will be made within the spheres set
out in the following chapters, are conditioned to a large extent by the progress,
which is both made (and expected), in their cutting-edge research. “This
interdependence of technologies makes so-called foresight exercises, regarding
technological development, fairly complicated endeavors. This is all the more true
since innovations, in particular breakthrough innovations, spring up at interfaces.
Yet, these interfaces increase in figures by reason of the possibilities of the
information society, as well as the major interdependence of the most recent
technological advances. These favor interactions between technical and professional
spheres, which were previously less connected. Furthermore, the given technology’s
lifespan is uncertain, and may be long. Sometimes many years pass between the first
positive laboratory results and deployment of a given technology” [COE 17].

In 2016, the DGE (Direction Générale des Entreprises — the French Directorate
General for Enterprise), a division of the Ministry of Industry, published a report
entitled “Technologies clés, 2020” (Key technologies, 2020), with 47 targeted
technologies. Within Volume 2 of this series, the attentive reader is able to see that
10 of these 47 technologies will be directly or indirectly impacted by the
breakthrough technology activities set out in the present work. These are the
following technologies:

— cell and tissue engineering;

— health imaging;

— collaborative robotics and human technologies;
— microfluidics;

— advanced and active (smart) materials;

— autonomous robots;
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— new hardware—software integrations;
— modeling, simulation and digital engineering;
— Internet of Things;

— not forgetting, of course, the subject of this work — additive manufacturing.

Lin et al.’s view [LIN 14] upon the development of additive manufacturing is
shown in Figure I.1. This passes from the phase of producing monofunctional parts
to the use of nanotechnologies in additive manufacturing. In this volume, concerning
the emerging activities with an essentially incremental origin, some of the
recommendations of authors of other works will be included. These
recommendations cover areas where additive manufacturing is pushed to its limits.
In this figure, the fields placed on the left essentially correspond to the subject
matter set out in Volume 2, and those on the right to that in Volume 3.

Bio-printing, Smart materials

3D Nano

Bio-inspired complex systems

From a single mono-material to multi-
materials; through to the Nano-world

Adaptative Systems
Multi-functon

Traditional
manufacturing »

Mono-function

Figure 1.1. A medium- to long-term view of additive manufacturing.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

However, who has not dreamed of controlling matter simply by thinking about
it? Kaku [KAK 14], in his forecasting study, placed “morphing” or programmable
matter within development trends, but with an actual emergence beyond the 2030s.
Within the rationale of Kaku, where scientific and technological constraints may
be excluded, why should we not evoke the spatial transformation of a given
object by the specific contribution of energy, whatever its initial form takes?
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Moreover, the chemist Joseph De Simone has presented a machine capable of 3D
printing designs to a TED Conference in Vancouver, in the West of Canada. These
designs were printed as if they emerged from a liquid metal, reminiscent of the
dreaded robot T-1000 of “Terminator 2” arising from a given pool of silver
[CUL 15]. However, alas, this only related to the stereolithography CLIP process,
which is highly clever but extremely far from this view of man’s genuine control
over matter.

To return to a more scientific and technological viewpoint, indeed slightly
philosophical in additive manufacturing, an observation which is even superficial in
nature shows that the latter tends to organize itself into ordered structures.
Moreover, who has not been filled with wonder by the view of a “Romanesco”
cauliflower with its fractal shapes? At that point, in theory, two options may be at
work. The first consists of controlling a set of physicochemical and energetic
systems so that the desired object appears without returning to traditional principles
of rational construction, voxel after voxel, of the “additive manufacturing” type. The
other, which is more reasonable, aims to produce, as has been shown in Volume 1, a
given object by the addition of matter. From the manufacturing point of view this is
all the same somewhat original, as normally machining methods by the elimination
of matter are practiced. Attempting, at this point, to leave the “simple” accumulation
of additive manufacturing voxels, it appears useful to instigate a short reflection on
this particular course. This may, perhaps, reinvigorate the field, in any case by
replacing it within a given potential technological dimension.

Alvaro [ALV 04] said, “the self-organizing entity is made up of parts whose
mutual interactions together determine dynamically the entirety that they form,
which occurs as a stable spatial-temporal pattern. The self-organization ‘identity’ is
thus the structure constructed, but we can also say that this identity is created
through this form of organization. This involves the idea that self-organization is
both a process and a system”.

Two viewpoints have been developed to elaborate a mathematical theory of the
concept of morphogenesis:

— one favors the model (the equations that describe the system studied) and uses
analytical tools, particularly the bifurcation theory, to determine which structures
develop and in what way;

— the other applies to classify scenarios by which given forms appear, without
attaching to a particular design.
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These two complementary approaches have enabled considerable progress in the
understanding of morphogenesis for around 30 years, a common thread in some of
the chapters of this volume. In these nonlinear systems exploiting the potentialities
of morphogenetic engineering there will appear variable phenomena: these include
bistability, saturation or, on the contrary, hyper-amplification, oscillations and other
effects [JOS 12].

“The engineer’s role is to use the technical knowledge available to him/her to
devise innovations which are an acceptable compromise for all stakeholders. It is
said that technical perfection poisons the economy! It is necessary to be ready to
‘tinker’ to satisfy the greatest number of people. Technological resources are such
that you cannot believe an engineer who assures you, without batting an eyelid, that
there is only one efficient profitable solution and that you must choose it” [CAL 11].
On reading these sentences, the non-mastery of the inverse problems in the
morphogenesis aspects which have just been introduced could (should) have closed
the scientific debate. Nowadays, there is not yet a realistic solution!

Within the cultural approach of engineering sciences, the quest for the
understanding of reality relies largely upon “detour strategies, in other words, the
construction of given designs or the production of virtual occurrences” [GRA 95].
However, these detours exploit the knowledge of what is possible and, as far as is
feasible, of what is simple, by imposing causalities.

What this introduction tries to show is that it is necessary, without doubt, to
make progress in finding a compromise between perfect causalist systems with the
possibility of moving voxels on deliberate courses, and a global morphogenetic
view, exploring complex systems. This is moving largely towards these difficult
situations through which we are “navigating” in this text. However, previously we
thought it appeared interesting to see if we could start by considering additive
manufacturing applications within the spheres where it is pushed to its limits.

As de Brabandere [DE 16] stated, “It is very important to realize that we
construct our thinking, our ideas, our judgments and our stereotypes more on the
basis of ignorance than on knowledge. In order to design, we are, on the one hand,
required to forget, and, on the other hand, to take a form of distance”. Let us
therefore endeavor to move forward in this direction.
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Introduction to Part 1

“Although we are positioned to see things from the perspective of
intelligent objects, we should first observe that the significant is still
distinctive whilst the intelligible is always universal”. (Aristotle, cited
by Nadeau [NAD 16])

“The development of 3D printing technology falls within the post-
industrial framework looking towards the functionality economy. The
digital economy amplifies this trend”. [GHI 16]

“Two ways to reach the ‘truth’ are:

1) Non-explicability consisting in saying that the object in question is
too complex and based on what we know today, it will never be
possible for us to master;

2) Intelligibility by creating a given ‘relay’ concept. This pushes the
question further back (e.g. the existence of God). This is the
occurrence of vitalism introduced by Woodger in 1929”. [BUN 03]

“Paradigm shifts make scientists, within their particular sphere of
research, see everything differently. To the extent that they only have
access to the world through which they see, we may be led to say that
after a revolution, scientists are reacting to a different world”.
[KUH 62]
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“Far from equilibrium, the irreversible processes are a source for
consistency. The appearance of this coherent activity around matter —
the ‘dissipative structures’ — impose upon us a fresh look, and a new
way of positioning ourselves in relation to the system which we define
and manipulate. Whilst equilibrium and quasi-equilibrium exist, the
behavior of the system is, for a sufficiently long time, entirely
determined by boundary conditions;, we will henceforth acknowledge
a certain level of autonomy. This enables us to speak of structures
which are far from equilibrium such as ‘self-organization’
phenomena”. [PRI 09]

“The ‘principle of scale relativity’ postulates that the fundamental laws
of nature should be valid, whatever the ‘scale status’ for the system of
reference. It is relationships of scale alone which have a given
direction, never an absolute scale. Such a concept is also imposed as a
fundamental principle which enables ‘compelling the description of a
non-differentiable space—time relationship’”. [CHA 12]

“The pessimist sees the difficulty in each opportunity; the optimist
sees the opportunity in every difficulty”. [LEM 17]

“There is nothing more dangerous than an idea when it is simply an
idea”. [ALA 69]

“Those who tell you that the only alternative is to slow down are
impostors. To slow down, it is indeed necessary to use a given level of
energy which counteracts the given acceleration of time”. [SMA 11]

“Without talent, ingeniousness or curiosity, neither chance nor
necessity suffices to produce innovation”. [FOR 02]

“Behavior is motivation when passed through the filter of
opportunity”. [SHI 11]

“Transgressing the boundaries between disciplines [is] a subversive
undertaking as it has every chance of ignoring the so-called havens of
commonly accepted ways of thinking”. (Greenberg cited by Staune
[STA 15])

“Imagine that an excess of scientific and technological innovation is
the solution: this amounts to a desire to run ever faster so as not to
fall over”. [CER 17]
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“The present metamorphosis marks the beginning of a new era, and it
is not just law that it almost reformulates. Beyond a production
technique, 3D printing is a paradigm shift which impacts upon
product design, product creation and product consumption and the
business models which flow from them” [CHA 16] ... It is envisaged
that we will expand upon this dynamic here by widening the
dimension of the field covered: going from 3D to reach the fourth
dimension! The discussion is in fact important because it evokes a
possible transformation of how we produce objects without needing to
assemble components that are manufactured separately. “Each
product might ultimately be capable of self-assembly and
implementation within extreme environments may be facilitated by the
use of “Programmable Matter”. Programmable materials which build
themselves thus make the use of assembly plants and heavy
installation procedures superfluous. Robotization, at the crux of
twentieth century productivity gains, would thus be integrated into the
products themselves”. [GUI 14]

Kupiec and Sonigo [KUP 00] pose the issue of producing simple forms from
clay. They introduce a Lamarckian principle in which the material is placed in ad
hoc molds. Any foundry worker might produce these (whether from metal or
polymers). They evoke Darwinian thinking with a paste that would change shape
continuously, spontaneously, and by a process of natural selection or production by
the bench scientist. The point is that we would have to wait for the appearance of the
desired form (we do not know when this would happen). “Here the result does not
pre-exist [unlike the mold]. These transformations are decided on by a given
cause... which does not relate to the particular result and may stabilize another
given form”. In this section, we are in an in-between phase. This involves the
creation of a given object and spatial, temporal and operational evolutions, to
varying degrees.

The idea of self-organization was introduced succinctly in the first volume
concerning additive manufacturing research pushed to its limits. By the process of
making matter intelligent (see the concept introduced 20-30 years ago by Alain Le
Meéhauté), it is possible to create 3D artifacts which may be considered to be interfaces
between an “internal” environment, the smart substance and the organization of the
artifact itself, and an external environment. In principle, the aim of this is controlled by
the engineer. “Although the internal environment is adapted to the external
environment or vice versa, the artifact will follow the assigned goals” [LE 04]. This
concept of smart/intelligent matter is not entirely new, everyone knows about it, not
least the media: smart clothes, photochromic lenses which become darker depending
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upon the intensity of outside lighting, concrete or carpets including optical fibers, and
other related technology [GAI 16]; also to be considered is the perceptual aspect of
plants being supported in the vertical position [INR 16]. In this volume, it is a matter
of associating this information principle with additive manufacturing.

At the same time, for some, programmable matter may be “to some extent the
link between the Internet of Things and the ‘science-fiction’ universe of Eric
Drexler’s nanotechnology. This consists of his universal assemblers capable of
creating everything and anything — and potentially destroying the world simply with
a stroke of grey goo. In a nutshell, we may say that programmable matter is situated
at the micro-level and not the nano-level. Projects within this sphere essentially rest
upon the creation of small components, like grains of sand, which are likely to fit
together to adopt any shape: an object, such as a car... even the image of a human
being or a kind of avatar which might occur in the real world” [SUS 14]. If the
general idea is close to this aspect of temporal (and functional) evolution, this
promise, which is slightly apocalyptic, is far from the intention of these chapters.

Ramirez-Ferrero [RAM 15] showed a positioning of additive manufacturing
technologies using a Hype diagram (see Figure 1.1). The Hype cycle is a
representation of emerging technologies developing at a given historical moment in
time. We may implement this concept for a given technology (each innovative
technology going through the various stages of the cycle) or produce, on a regular
basis, a diagram representing all emerging technologies, and their position on the
cycle. This latter process is what the Gartner group [GAR 15] did. The principle of
their diagram is a registered trademark owned by the group. Each cycle breaks down
into five key phases, shown in Table I.1.

Expectations
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| 3D domestic printing
T

|
A
Autonomous Speech recognition
vehicles 'S
3D scanners
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Figure I.1. Hype diagram and 3D technologies. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip
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Phase Designation Commentary and description

number

1 Launching of The proof of concept has been demonstrated. The
technology disruptive arrival on the market of a new technology:

these are not products which are easily usable, but
more prototypes of a technology considered to have

potential
2 Peak of exaggerated | Media hype results in exaggerated and unrealistic
expectations expectations. Startups are being created to develop and

market products based on the new technology

3 Abyss of despair The products available do not succeed in responding to
the exaggerated hopes which had previously been
expressed. As a result, the media sources thriving on
sensationalism reject that which they previously loved,
especially if the technology takes time to emerge. We
might witness a stock market crash: this is the so-called
“anti-Hype”

4 Ilumination “slope” | Some companies persist/survive and develop the so-
called second-generation products. We start to
understand genuine advantages and practical
applications of technology. We witness a progressive
and robust development of the market

5 Production or Within this last phase, technology works well, is
productivity plateau | acknowledged as legitimate and enables the
development of third-generation products. The scope of
applications is variable according to whether the
technology is widely applicable or only serves a niche
market

Table I.1. Various phases of the Hype cycle

Figure 1.1, traditionally used for innovation, enables the positioning of current
3D market evolutions. Even further (and without doubt, still further, for a given
length of time in some cases) biological applications are connected by fundamental
research. This is the case even if high promises are attached to this biotechnology
(see Part 2 of this book). On the contrary, it may be that a market is already mature
with industrial applications which are already economically profitable (mechanical
engineering, aviation and construction, or another sphere). Some applications are
already (almost) industrialized within highly varied spheres. Examples include the
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pharmaceutical sector, surgery, dentistry, food, design, construction and other
sectors. These are generally predictable operations, which are developing and which
have been mainly mentioned or shown in Volume 1.

In that chapter, that constituted a sphere which is rarely tackled in additive
manufacturing, it seemed important to the author to develop the notion of
smart/programmable matter (this will further serve a purpose in this third volume)
before tackling a number of recent studies linked to the exploration of the use of the
fourth dimension to open up development avenues for 3D printing. This provides a
complementary element to the so-called “cold” or inert structure of functional
material, by providing scalable functionalities according to an external energy
supply with diverse origins. On this basis, the shape of the object can change and
become like that which has just been mentioned, that of actuators.

In 2014, Frost and Sullivan [FRO 14] produced an analysis of 4D technologies,
introduced into the Bibliography section of this chapter. They reflected upon the
various possible spheres of application (see [MAN 14, CAR 14]). These are shown
in Figures 1.2 and 1.3 with a five-year view (see Figure 1.3). A considerable potential
market then opens up. This would be necessary (because it is necessary to anticipate
this and provide technological proposals), no doubt first investigating the relevant
academic research.

Tissue engineering
Biomaterial self-organization
Nanoparticle design
Nano-robots in chemotherapy
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s Creation of self-repairing
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Figure 1.2. Possible applications for 4D printing methods. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Bio-printing
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Figure 1.3. Possible applications (which are potentially positive) for 4D printing
methods. For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

It may be the same for applications (including the medical aspect targeted by 4D
Printing [4DP 14] with the possibility of having adaptive 3D structures available; the
military aspect with possibilities for camouflage and active armor and other
equipment [4DP 14a]). Other applications may be envisaged to produce chemical
reactors, smart filtration processes (the active filtration function to process pollutants
and other devices) and active valves [BAK 15, TSA 13]. The list may be indeed
much longer.

Although additive manufacturing and its basic concept is around 30 years old,
these two coupled domains are much younger. However, it is possible to base
numerous aspirations within a quasi-virgin domain, with barriers that will have to be
overcome for it to flourish, for various reasons:

— the development of additive manufacturing leads to consequent investments for
the implementation of one (or more) solution(s) for additive manufacturing
production. DGE [DGE 16] state “it takes a long time to achieve a return on
investment as the fixed costs are high and the given entity has to reach a critical
mass to absorb them”;

— scientific and technological exploration of the “traditional” process—material
couplings to be met, with an emerging community and a high external demand
[GRE 15, WEL 15];

— funding orientated towards incremental innovations having a high potential for
useful concrete applications and economic benefits [LES 16];

— inertial approach to research;
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—low “stock” of intellectual capital available within academic or industrial
research milieu;

—the need to develop complex intelligence by teaching epistemological bases
and fundamental concepts of complex thought [IES 16];

—the complex emergence of radically new and disruptive ideas which are not
entirely stabilized, which enter into competition with robust technologies, involving
risk-taking which is difficult to grasp [INI 16, KIE 15];

—the company, its means of operation and its employees should adapt, even
transform so that the new concept develops in an optimal way (the problem of
managing change for Guillard [GUI 16]);

— difficulty of interdisciplinary approaches and support for creativity;
— the approach of new forms of complexity;

— other factors.

It will be understood that if the previous chapters of Volumes 1 and 2 had
already illustrated some unstructured aspects in terms of original research proposals,
this descriptive and open nature will be maintained in this volume because the
“paradigmatic nucleation” of the field is still required. The innovation cycle is made
up of three main phases, the phase with R&D investment to demonstrate the
“revolutionary/ground-breaking” invention, the phase of testing when the company
transforms the given innovation into a saleable product, where it attracts a
proportion of the public for whom awareness has been raised by the given novelty,
and the phase of introducing the product to the market [DOC 15].

Figure 1.4 from Potstada and Zybura [POT 14] concerns creativity and economic
forecasting applied to additive manufacturing. It highlights two aspects. The lower
part of the figure shows incremental improvement and the top part shows a given
disruption. It is this axis which is targeted in this part.

Obviously, we are positioned at the beginnings of a genuine breakthrough which
will moreover be of use in discussions on bio-printing. The 3D sphere is subject to a
significant estimated demand by citizens of many parts of the world [ZAR 16,
LEI 16]. The achievement of these technologies by opening up new horizons
towards 4D aspects and intelligent matter make up the following part.
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Figure 1.4. Transition from science fiction to innovation. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

Ray Kurzwell has said “by 2020 there will be a whole host of products available
immediately to buy for pennies on the dollar and to print straight away. It will
become the norm for people to have printers in their homes” (quoted by Jackson
[JAC 16]). It remains, unlikely however, that these will be 4D printers.
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Programmable Matter or Smart Matter,
Stimulated Organization and 4D Printing

“It is not reason which speaks within technical objects, it is desire,
and it is concrete existence which will bear the brunt of these
dreams”. [CER 11]

“The most successful entrepreneurs don’t begin with brilliant ideas;
they discover them. The great advantage of working in this way is that
when trying to do something new and uncertain, we rarely know what
we don’t know”. [SIM 11]

“The answer reassures us. The question merely serves to worry us. In
the literal sense of the term, it compels us to react, indeed to invent.
Raising the question, out of necessity, forces us to compel us to
change our emphasis, to reconsider the hypotheses, to review the rules
and to unearth the obscure”. [LAG 12]

“Something that it has distractedly enabled [Man] into the present
which would open up the future to him/her”. [ZAM 89]

“Speed both demands and creates insensitivity to anything that can
delay, to all forms of friction and hesitation which make us feel that
we are not alone in the world; by slowing down, we again become
capable of understanding, of getting acquainted with, of
acknowledging what we have and what is transmitted to us, to think
and imagine and, in the same process, to create with others
relationships are not themselves captured”. [STE 13]
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“The concept of engineering is not realizing the given use until we
discover its existence”. [FRE 94]

“There are therefore no ‘rules of induction’ of general application,
thanks to which we may derive the solution mechanically or infer
hypotheses or theories from empirical data. To go from the stage of
data to theory, it is necessary to undertake a creative work of
imagination”. [HAM 14]

“Initially, we learn that thinking too quickly may be a very bad idea.
Infobesity surrounds us and it is a serious threat to our creativity”.
[LEW 16]

“The undertaking will be difficult, as it goes against the dogma of the
Science’s so-called ‘Immaculate Conception’. According to this,
scientific truths being designed without sin, are all beneficial. So that
the sanctity of Research will not be diminished by the uses that the
World puts it to and that it is not for those who are ignorant to discuss
the use of funds — indeed always insufficient — which are allocated to
them”. [CER 17]

“‘Festina Lente’ (Hurry up slowly) was the motto of Augustus”.
[LEW 16]

1.1. Introduction

In the introduction to this book, DNA origami was mentioned as an example of a
self-organizing system. Indeed, this was already chemically stimulated organization
as it is necessary for us to have attached links in the DNA fixing onto the
macromolecule to define a given form anticipated by the designer. The notion of
stimulated self-organization used by the scientific community is perhaps not adapted
to reality, or nature doing what it can. It is this issue which we will investigate in
this chapter and indeed those that follow.

This is the case for molecular motors whose movement is enabled by external
energy sources. Richard Feynman had predicted in the 1950s the development of
molecular nanomachines such as those procured by Jean-Pierre Sauvage in 1983
when he invented a chemical method that enables the intertwining of two molecules
taking the form of rings, thus forming a chain known as catenane
[CNR 16, COL 01]. Thanks to an electric or light stimulation, it was widely shown
that it is possible to cause molecular rotation in a controlled manner. This is similar
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to the given operation of a motor. We may therefore consider these examples as
already being representative of what might be programmable matter. This has been
of no interest to researchers for several years without an ability to detect a trend
(whether linear or exponential) in the growing number of publications associated
with the key words “programmable matter” (see Figure 1.1). The total number
supplied by university libraries demonstrates a figure of the order of 1000
publications which should be compared to the 50,000-100,000 concerning additive
manufacturing.

200

150

100

50

Top0 1995 " 2000 2005 2010 2015

Figure 1.1. Development of the number of publications on the subject
‘programmable matter” (University of Lorraine, France)

As the focus of the subject is 3D printing, it appeared necessary to leave this
sphere to approach the concept of additive manufacturing, which effectively
involves the notion of additivity. We need at least two molecules to begin discussing
additive manufacturing.

The aim of this chapter is to examine how we can exploit the overall principle of
gathering separate components. We can thus make up a “self-organized” shape
(to keep the term we used previously). Thus having reviewed this principle, it will
be possible to envisage examples of self-organization which will partly serve as
examples of 4D printing.

1.2. Natural (spontaneous) self-organization

Stating that matter can, in certain situations, be ordered means that the mold can,
as a first approximation, perhaps be described geometrically in a simple way, by
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using for ease the concept of symmetry (for example, the case of a crystal). This is
the case even if there are sub-structures which are more or less complicated, which
can even take on a fractal aspect. However, the general form remains simple. We
may think that structures, which are more or less self-organized, may be combined
with some types of physical or physicochemical conditions [CHO 15, CHO 96].

The term “‘self-organization” designates a spontaneous or stimulated formation
of a dynamic order leading to forms of organization stemming from a set of
homogeneous or non-homogeneous units, which are interacting. Having placed the
energy in the correct place and at the right time, in a given environment, the initial
system, whether or not it is random, is organized to achieve a given form, if possible
that sought by the given experimenter [MOR 04]. From a thermodynamic point of
view, this “shaping” assumes that the transport of matter and energy within the
system which is created should be subject to functional constraints in the absence of
an external energy supply. The object is constructed, having the appearance of
causal relationship (the laws of universal physics), which may be shown by a type of
selection between several potential alternatives [CAM 74]: “Thus, its role is the
construction of higher-level entities, formed from the (re)structuring of units which
are intrinsically made up of material causality” [MOR 06].

1.2.1. Nonlinearities

The dissipative structures are processes in which fluctuation is stabilized to make
up a dynamic macroscopic configuration. This is enabled by the flow of energy
through the system under construction. These macroscopic structures necessitate, so
as to increase in size, a continuous supply of energy in a range adapted to its
cohesion. “The term ‘self-organization’ instead implies spontaneous creation of a
given order or organization that refers to an agent-based identity, which is able to
self-determine or form itself in a direction which involving a functional plasticity”
[ALV 04]. Ultimately, we are concerned with respecting Bruter’s concept [BRU 76].
He wrote, “Events shape the object with time. It is, above all, piercing the secrets of
its history, of the line which it comes from, both the culmination and the projection”.

A classic example is that of living systems which manifest behaviors and self-
supporting capabilities. These include growth, differentiation, self-repair (at least
partially) and other features. Such systems are capable of altering their behavior and
their structure according to exterior parameters (nutrients, for example, temperature,
gravity and other factors).
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Quoted by Thuillier [THU 80], Stéphane Leduc wrote: “The elementary act of
life is diffusion and osmosis”. It was this professor of medical physics from Nantes
who manufactured shapes and structures “resembling those of living beings” (in the
early 20th Century). In 1910, he published a work entitled: “Physicochemical theory
of life and spontaneous generations”. Of course, it naturally conflicted with the
stance of the French Academy of Sciences. Figure 1.2 represents one of the osmotic
productions of Leduc [THU 80]. He wrote in 1912: “When we come to know the
physical mechanism for the production of a given object or phenomenon... it
becomes possible... to reproduce the object or the phenomenon. At that point,
science becomes synthetic. Biology is a science like all others... it must sequentially
be descriptive, analytical and synthetic” [LED 12].

Figure 1.2. Osmotic productions by Leduc (copy
from [LED 10]; see also [THU 80, EAS 09])

This causalist theory and the methods flowing from it are to be applied to these
constructs that aim to obtain finished and optimized products after “they have been
initiated”, in particular as regards matter and energy consumption, the notion of the
voxel which may then reach the size of a molecule, indeed a cation or an atom then
becomes relevant. The idea is that, as for all of the (or the majority of) engineering
sciences, these methods are still often thought to be determinist: the various
phenomena are controlled by laws that we must discover and apply as faithfully as
possible. There might therefore not be (too much) space for the random.

Although this was the case, based upon an energy spatially positioned within a
known manner, with cooperative components able to self-assemble, it would suffice
to wait a “sufficient length of time” to reach an equilibrium leading to an object
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taking a given shape. Moreover, resuming the same experiment, all things being
equal, should provide the same object (taking the same shape and size). Thus, by
using this causalist hypothesis, it is not possible to predict the evolution of shapes by
inferring them uniquely from the application of simple laws which may be able to be
identified. This result illustrates an evolution that develops in a non-determinist way
by the interaction of natural systems both with each other and their environment.
However, by way of example, Prigogine [PRI 94] recalls this experiment. If we cool
sodium chlorate at rest, the crystals produced are optically inactive. If, during the
same time period, we shake the solution, we obtain either levorotatory crystals or
dextrorotatory crystals. This is a bifurcation. The first provides either a skewed
shape or a straight form and the initial germs which will participate in the
crystallization process are either skewed or straight. There is therefore a break in the
symmetry of the reactive system. This example serves to show that irreversible
phenomena do not necessarily reduce down to an increase in chaos. However, there
can exist constructive roles for this irreversibility of time as is the case with life.
Hawking [HAW 89] recalls on this subject: “A strong thermodynamic arrow is
needed for intelligent life forms to act”. These aspects will be reconsidered in Part 2
on bio-printing.

In these conditions, Turing [TUR 52] showed, using other examples, how
reactions between chemical substances that he called morphogens, coupled with a
process of diffusion of these substances through living tissues, could give rise to the
appearance of specific structures or regularities (spots on a coat, the shape of a
crystal, a shell or other examples). In his founding article, he introduced a
mathematical model known as “reaction-diffusion equations” as well as the study of
this model in certain relatively simple cases.

The dynamics of this basic model which he explains results from the coupling
between chemical reactions and reagent diffusion, within a system which is
continuously fed. The Turing structures correspond to periodic spatial variations of
concentrations of chemical species [LES 13, ZEN 13, SHA 15, JOS 12] which
compete with the mechanisms for molecular transport. To observe spatial variations
in concentrations, it is therefore necessary for other mechanisms to come into play.
It introduces a scenario involving two species A and B, known as “morphogens” and
the combination of the following properties:

— species A is capable of inducing its own production;
— species A can produce the second species B;
— species B inhibits the production of A;

— B diffuses quicker than A.
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It is thus sufficient that a small local fluctuation at a given point in space induces
a slight excess of A so that the production of both A and B is higher than the average
at this point. B, diffusing quicker than the excess of A, creates an inhibitory crown
around the initial point, isolating the peak of A by an area which is richer in B.
These random evolutions can happen in other places in the given area with other
peaks of species A. “These activator peaks arise from selective ranges of
fluctuations, which in very small quantities yet numerous, which spontaneously
modifies the state of the homogeneous mixture. The distribution which is
dynamically the most stable of these peaks forms a periodic pattern, such as spots
that we may note on the cheetah” [CHO 15].

James Clerk Maxwell wrote in 1876 (cited by Thom, [THO 83]: “When the state
of affairs is such that an infinitely small variation in the present state will only alter
the future state by an infinitely small quantity, the state of the given system, whether
at rest or moving is known as stable. However, when an infinitely small variation in
the present state may cause a finite difference in a finite time, the condition of the
system is known as unstable. It is obvious that the existence of unstable conditions
makes the prediction of future events impossible, if our knowledge of the present
state is only approximate and inaccurate”. The question of the control of the
“correct” main parameters of influence on stability or instability is therefore
paramount, but risks not being sufficient.

1.2.2. Achieving the desired form?

Once science starts to understand the way that nature has selected certain forms
and not others, as much in the physical as the biological world, it can seek to
apply/transpose corresponding mechanisms with a view to resolving engineering
problems. This is advantageous for the manufacturing of given artifacts, tools or
final articles. The large variety of given applications in a generic form such as the
manufacture of a functional object is not inspired from nature. It is worthwhile
investigating this if we seek to use knowledge of “morphogenesis” to achieve the
desired form through self-organization [BAQ 04].

This is the inverse problem applicable to the direct manufacturing of objects (and
not by additive manufacturing, on a voxel-after-voxel basis) and to create (in a way)
three-dimensional structures. These are of varying sizes from a pseudo-
homogeneous environment. This is a traditional problem “normally” not respecting
entropy principles. It forces us to know from what energy and in what form it should
be available. This is because the process is anti-dissipative. Indeed, there is nothing
in the demonstration of the second principle, which enables us to assert that there
exists a causal relationship between entropy variation and evolution towards a
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chaotic state. However, as soon as several entities interact, or the effects are not
proportional to causes, there may be the possibility to make nonlinear characteristics
available, with specific effects (for example, snowflakes within systems outside the
equilibrium environment with the provision of continuous matter or “photochemical
muscles”, which introduce tensions of the manner of mammalian muscles). A multi-
scale approach could be an asset to dissipate a given energy surplus. In these
recursiveness conditions, the structure is as it were both a cause and consequence of
this dissipation (self-similarity, see Figure 1.3). Self-organization thus gives the
impression that the structure emerges from the combination of interactions between
constitutive entities (including energy).

Thom [THO 83] analyzed problems connected with the control of
morphogenesis by relying upon the notion of the model “black box” with its inputs
and outputs (some of which revert to the recursiveness of inputs). When choosing Ui
inputs, it is possible to measure Sj outputs. This is provided that their existence has
been identified and, thereafter, to define a relationship between the Ui and Sj
respective inputs and outputs, as Turing proposed in [TUR 52]. The central question,
well known in process engineering, is from the experiments completed to
reconstruct the inner workings, which happens within the black box. Within
complex systems, there may exist “exceptional” situations for which the
relationships {Ui, Sj} come out what we expect as “normal”. The research into these
“divergent”, but real, situations may lead to new and necessary information
becoming more apparent as to what happens in the “box”. At such times, if we do
not know where to look (and what to find) in these situations from an experimental
point of view, it indeed falls to modeling to help search for peculiarities. This takes
place at different scales.

Figure 1.3. Self-similarity — fractal pyramid produced in the 1990s [DIO 92/93].
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Laurent Larger [LAR 15] states that nonlinear dynamic systems apply to all
practical situations or movements appearing in space and/or time and for which
there is a determinist description of development, taking the form of a differential
equation (solely the temporal dynamic) or a partial derivative equation (spatio-
temporal dynamics). Our world is of course 100% dynamic and nonlinear, but the
current technological control relating to its operation is very often limited to
situations with linear approximations. The example of morphogenesis illustrates not
only the relevance of the nonlinear approach (a simple, deterministic, local dynamic
model explains how nature constructs globally stable, reproducible, and robust
forms, at the macroscopic level), but also the gap of scientific progress existing in
the understanding, and then in the mastery and exploitation, of the associated
mechanisms for concrete applications, with enormous technological potentials.

Finally, we must underline here the significance of the local and global notions
within nonlinear dynamic phenomena. It is indeed necessary to understand the fact
that a highly complex solution, at the global level, can effectively emerge in a
determinist way from a uniquely local property (the dynamic determinist equation
and local nonlinear coupling, which apply to all of the environments studied). It is
relatively simple within its formulation.

From a point of view of modeling within the sphere, we may consider a system
that evolves in time stemming from a given form to achieve another form (a
dynamic approach) or impose upon stable form constraints of different forms
(chemical, energy or other spheres) which will lead to a distortion (a thermodynamic
approach). It may be useful to introduce, in the first instance, temporal elements
which enable the definition of development at a given time. In the second instance,
thermodynamic and chemical potential components are introduced. That being so,
starting from a given Ui set, it is possible to define the Sj outputs in theory, provided
that all determining factors are known. The converse problem aims to define the Sj
outputs defining instructions and researching the Ui which meet the objective. This
is a traditional problem that is always difficult in the case of linear systems, which
are generally poorly conditioned (see deconvolution not least owing to noise and
measurement errors; see [MUG 08]). This will be all the more the case since
we will be positioned within nonlinear approaches with loud signals. That being
said, the issue is the size as the control of the inverse problem can constitute
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an integral means to produce an object from a matrix which is easy to produce. The
latter aspect and the distortion function in terms of time and energy supplied may
enable the production of an object taking a complex form.

Chauvet [CHA 06] considered that when two units A and B are subject to certain
conditions, they can do nothing other than join together (see the works of Turing
mentioned in the introduction). For example, the dynamics of two biochemical
pathways carrying a reagent from one to the other would be, per this principle, more
stable than the dynamics of each entity when separated. This is the principle of
stabilizing self-association per Chauvet, [CHA 06], Staetzler, Sonnenschein and
Soto, [STA 11] and, Nykter er al. [NYK 08]. It can operate the same for enzymes
(see [KEK 15]) with divisions between species which necessitate limited transport
by molecular diffusion (solution of the Von Smoluchowski equation within a
potential field; Kekenes-Huskey et al. [KEK 12]). Self-organized systems can be
very stable relative to the range of a number of parameters, but they can diverge
suddenly according to small variations of one or several influencing variables to
reach a new stable state [NYK 08]. “Turing” evolutions with fractal approaches can
also be put forward (see [BIZ 11]).

Thus, between the possible illusion of perceptible self-organization and the
inverse problem, constituting a significant challenge, allowing the production of the
researcher’s or engineer’s desired organized structure, there is a considerable gap to
get over. Would it perhaps be necessary to consider nonlinear, out of balance and
multi-scale phenomena? Perhaps it would be necessary to view the biological aspect
(as was introduced in Volume 1 with DNA and DNA origamis or “smart” matter.
Other biomimetic solutions are also envisaged using nanoparticles: Sarikaya et al.
[SAR 03] Nikitin et al. [NIK 10]. Slocik and Naik, [SLO 10], Tamerler and
Sarikaya, [TAM 07], Chiu et al. [CHI 11], Maye et al. [MAY 09], Laxminarayana,
[LAX 12]). These involved original experimental pathways from the traditional
physicochemical sphere to produce customized three-dimensional structures
(although going beyond the nanometric sizes of origamis). Perhaps it would also be
necessary to move away from traditional reductionist methods to involve holistic
thinking in order to explore this small element of complexity. Nowadays, this point
partially moves away from the topic explored, but this work is an enormous task
which, at least from this author’s point of view, must be looked into more deeply.
This will be shown with the example of bio-printing (see Part 2).
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Put simply, what the engineer seeks is to place matter “in the right place” and “at
the right time” so that the organization leads to the object sought (and not something
to which to get closer or nearer). As when dealing with an insufficient control of
systems, he/she is obliged to attempt to find situations where he/she resumes control
of the overall complexity, through using “smart” matter. The results of these efforts
are shown below.

1.3. “Smart” matter

The underlying concept is highly different. It starts from a given geometry so
that it becomes, through the supply of energy, a mold corresponding to a given
application (see Figure 1.4). By playing with spatial division with a range of form of
this energy (from these energies), there may be also the possibility of having an
adaptive system, such as an actuator, a structure evolving in time and perhaps in its
functionalities [ZAR 17, LEH 02]. In passing, ideas of this sort were proposed in
comics ([TUR 15]; Franquin published in Beaux-Arts, [BEU 15]). Only science-
fiction films approach this type of subject thoroughly.

T

Figure 1.4. The principle of using “smart” matter

This context does not mean spontaneous complexity discussed above has been
abandoned, but rather that the engineer and/or the designer attempts to take control
of automated phenomena which are difficult to control, by accepting the
manipulation of non-living matter and energy, so that initial shapes are tailored by
their will. This section thus explores stimulated conversion of matter pathways.
Lehn [LEH 02], said, backed up by Figure 1.5 in this paper, the “smart” matter
referred to her falls within the exploration of adaptive supramolecular systems.
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Figure 1.5. Smart matter and supramolecular systems. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

1.3.1. Active polymers: photochemical muscles

One particular approach concerns the effect of light on polymer structure (the
now famous expression “photochemical muscles”; Nakano, [NAK 10], Yoshino
etal. [YOS 10]; Yu et al. [YU 03], Yu et al. [YU 15], Khoo et al. [KHO 15], André,
[AND 17]) as Figure 1.6 indicates. This is extracted from Kuksenok and Balzs
[KUK 13]. The concept involves irradiation inducing internal rotations in the
material, which contributes to change the geometry of the irradiated area leading to
distortions, which depend upon the flow received. The latter may be reversible if we
have photochromic material available (which would both induce provisional
conversion and be reversible).

1.3.1.1. Photochemical changes

All of these processes, apart from photodegradation, are shown in Figure 1.7
stemming from Khim et al. [KHI 14]. The curvature of polymeric fibers
can be connected to a non-homogeneous division of photoproducts (see [GE 16a,
AND 17)).
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Figure 1.6. Distortion induced by the light of a photo retractable polymer cylinder.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 1.7. Photomechanics of polymers. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

Another example, stemming from Mahimwalla’s thesis [MAH 13], is the
significant distortion of polymers containing azobenzene groups (see Figure 1.8 and
[MAH 12]). These groups through irradiation go from configurations Trans to Cis
depending upon the given wavelength used (see Figure 1.9). The effects are
noteworthy as can be seen in Figure 1.12 (see also [DES 15, ROS 15]).
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Figure 1.8. Azobenzene polymers

Figure 1.9. Sizes of two isomers [DEL 07]. The conversion from
Trans to Cis operates by ultraviolet means (300-400 nm), returning
to waves which are visible (being between 400 and 500 nm)

The azobenzene molecule is generally found in the Trans conformation, which
may be considered as uniaxial. When this molecule is exposed to visible light, it can
undergo photoisomerization to a Cis conformation (see Figures 1.8 and 1.9). The
given molecule may then return to the Trans conformation consecutively with a
thermically or optically induced conversion. Once this cycle is completed, the
molecule may be located moving in a new direction. This process may be used to act
upon the macroscopic direction of the molecules of a given film. When polarized
light is linearly used to activate the cycle of photoreorientation Trans -> Cis, only
molecules for which the electronic absorption transition moment is located within
the given direction (or within the vicinity) of the polarization absorb light and
undergo a change of direction. In this way, it is possible to reduce the number of
molecules oriented parallel to the direction of polarization and to increase the
number of molecules oriented at right angles to this direction [ROC 15].
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Figure 1.10. Effect of irradiation on a polymer film containing azobenzene
groups: a) before irradiation; b) immediately after irradiation according
to Mahimwalla et al. [MAH 13]. For a color version of the figure, see
www.iste.co.uk/andre/printing3.zip

These authors present the fairly spectacular results of Yamada et al. [YAM 09],
corresponding to the distortion of an induced polymer film, both by UV irradiation
(conversion Trans -> Cis) at 366 nm (240 mW.cm™) and in the visible domain (A >
540 nm and 120 mW.cm) for the inverse conversion. Figure 1.11 kindly supplied by
Kevin Ge [GE 16b] shows a reversible conversion of a polymer which is distorted
with temperature. Figure 1.12 by Cheng et al. [CHE 10] completes the previous
figure: having a double layer of polymers, one of which contains azotolane which
can under a given isomerization Cis - > Trans thermic and Trans -> Photochemical
Cis under visible light irradiation, it is possible to induce a temporary withdrawal of
the irradiated film, followed after the irradiation ceases by a return to the initial
position (see also Figure 1.13 by Zhang et al. [ZHA 15]). Other works are able to
respond to this conversion principle [ERC 10, ILI 11, PET 15, GAO 16]. We may
note that in view of the molecular structure of azobenzene and azotolane, it may be
possible to take account of the direction of the transition moments of these
molecules placed within a polymeric system to make conversions within polarized
light determined with the given space, to create programmable diffraction networks
(see above). Robotic applications are envisaged by Umedachi, Vikas and Trimmer
[UME 13].
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Figure 1.11. Distortions of a light-induced polymer film. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 1.12. Bimetallic element subject to light irradiation. For a

color version of the figure, see www.iste.co.uk/andre/printing3.zip

Such systems can be produced by 3D printing with the assistance of various
passive materials, but highly elastic, for example, with aliphatic acrylic epoxy-based
monomer mixes (monofunctional) and urethane-based (bifunctional) substances.
Details of these were recently published by Patel et al. in 2017 [PAT 17].
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Figure 1.13. Distortions of a light-induced polymer film according to Zhang et al.
[ZHA 15]. For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

1.3.1.2. Thermic effects on polymers

Zhao, Qi and Xie [ZHA 15] said that it is possible to have at one’s disposal
polymeric materials, the shape of which may either depend on the temperature or on
photochemical conversions. These authors in their experiments were seeking to find
reversible reactions affecting the space between molecules or macromolecules (see
Figure 1.14).
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Figure 1.14. Reversible systems having volume changes
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An explanatory example is given in Figure 1.15 illustrating the change of shape.
Other examples are given in this article using various active materials.
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Figure 1.15. Principle of thermically induced reversible distortions. For
a color version of the figure, see www.iste.co.uk/andre/printing3.zip

Inks produced from hydrogels are capable of inducing distortion by humidity and
by temperature [NAF 17]. Le Duigou et al. [LED 16] used wood particles as a
charge within a given polymer. Oriented within shearing extrusion of this fusible
polymer, they retain the memory for their given direction below the material’s
freezing point and can be seen to change their shape in the presence of humidity (or
heating). Finally, from optimization view point, Zhang et al. [ZHA 11] added to a
material sensitive to heat and light (poly-(N-isopropyl-acrylamide or pNIPAM),
charges in carbon nanotubes. This facilitated the transfer of heat within the mass of
material and the absorption of light by the given surface.

1.3.1.3. Other systems

In the same vein, a “paper” developed by researchers from the Donghua
University in China may be qualified as “robot origami” with a composite material
capable of reacting to temperature by distorting. A double-layer flat material may
be, according to Rochefort [ROC 15], half made up of an oxide of graphite, the other
layer of polymerized dopamine or polydopamine, a material that reacts upon contact
with water. When exposed to light or heat, this layer shrinks. The other layer, having
good mechanical strength, reacts to this action by bending or folding up. By using a
high-precision infrared laser, researchers were able to develop tiny pieces of paper,
capable of moving on demand. This research may serve to produce artificial
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muscles. Other examples are shown in Figure 1.16 of polymers sensitive to localized
stimuli within space and which can be sensitively distorted. These were researched
by Kevin Ge et al. [GE 16b] — see also Zark et al. [ZAR 15].

Figure 1.16. Another example of polymers sensitive to given stimuli
and validation by additive manufacturing. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

For their part, Grossweiler et al. [GRO 15] used polymers containing
spiropyranes which are sensitive to mechanical stress. These may become distorted
and change color with a relaxation time of several minutes (see Figure 1.17). This
type of material enables them to produce micro pliers.

There is another example that taken from the works of Chen er al. [CHE 17].
Active polymers, ready to respond to a blue-light stimulation (from an LED),
containing trithiocarbonates (TTC) groupings with an accordion-like structure may
be activated by organic catalysts. In the presence of light, monomers are formed (the
inverse process of polymerization), which indeed has the effect of drawing out the
macromolecule. The monomers are distributed uniformly throughout the structure.
They confer new properties on the material, which then enables us to modify the
shape of the object. This complex technique necessitates the specific conditions for
use.
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Figure 1.17. Effect of a mechanical constraint on the chemical
conversion of a spiropyrane-based polymer. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

Table 1.1, partly extracted from Gao er al. [GAO 16], gives indications as to
convertible matter and upon the methods of conversion applied within this domain.

Type of materials Mechanism and Bibliographical
commentary references
Polyethylene glycol; lipid bilayers | Contact with water Jamal et al. [JAM 13],

Villar, Graham and
Bayley [VIL 13],
Villar, Heron and
Bayley [VIL 11]

Polymers at low-transition Transition temperature Peppas et al. [PEP 00],
temperature (PNIPAAm; PCL); Wang et al. [WAN 15],
alumina ceramics Bakarich et al.
[BAK 15]
Magnetic materials Precise positioning by the | Kokkinis, Schaffner
given location of the and Studart [KOK 15]

magnetic field

Polymers containing light-induced | Photochromic compounds | Zhang et al. [ZHA 15]
isomerizable components

Table 1.1. Various types of smart matter and associated mechanisms

1.3.1.3.1. Biological materials

Natural plants demonstrate spontaneous curvature alterations due to the direction
of the cellulose, which is subject to an anisotropic swelling when in the presence of
water. Gladman er al. [GLA 16] imitated this process using a hydrogel containing
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such rigid cellulose fibrils. They spontaneously become aligned with shear points at
the time of their flow through the nozzle of the extruder of the printer, which
induces both swelling anisotropies and elastic module anisotropies. With a dual
layer positioning, it is possible to achieve swelling differentials, hence a calculable
curvature for the given object. By using anisotropy within the material, Qe et al.
[GE 16b] show in Figure 1.18 how it is possible to develop the form of an object
according to the stimulation it receives.

Stimulation

“Smart” matter —>

Bowing and distortion of
| Production of a flat surface ‘ the surface

Blooming

Figure 1.18. The anisotropy of the material creates a curvature during the
temperature change (we could have obtained the same phenomenon with the
swelling of bilayer threads charged with cellulose). Complex morphology (here a
flower) is generated with developments in the forms of objects. For a color version of
the figure, see www.iste.co.uk/andre/printing3.zip
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Lind et al. [LIN 16] used, as material able to be activated, the heart’s muscle
cells which contract under the influence of electrical stimulation. Figure 1.19 shows
the phenomena of compression/expansion enabling a plastic material to bend (see
also [JAC 16]).

1 b

Electric stimulation

Figure 1.19. Distortions induced by muscle cells. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

1.3.1.3.2. Active mineral materials

Dufaud, Marchal and Corbel [DUF 02] studied the effect of an electric current
containing PZTs with the piezoelectric properties aiming to produce actuators.
1.3.1.3.3. Attempt at synthesis

Table 1.2, extracted from Formlab [FOR 15], enables a comparison between the
materials used in additive manufacturing and those currently used in 4D printing.

Additive manufacturing | 4D printing

Thermoplastics Self-assembly materials
Metals Multi-materials
Ceramics Shape-memory systems, polymer couplings and systems for

continuous change in shape (humidity, temperature, light

irradiation and other factors)

Table 1.2. Differences between the materials used in 3D and 4D printing
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1.3.2. Physical alterations

A surfactant is a molecule with a hydrophilic head and a hydrophobic tail, the
hydrophilic head is directed preferentially to the aqueous phase, contrary to its
hydrophobic tail. Thus, generally, the surfactants are positioned preferentially at
interfaces water/air or water/oil. “Their presence stabilizes the interfaces, which
implies a local reduction in surface tension. As the presence of surfactants on a
given surface locally decreases the surface tension, it is possible to create a surface
tension slope. From this results a movement of fluids towards the areas of higher
surface tension” [MAR 14], as is shown in Figure 1.20. The addition of surfactant
(shown in orange), leads to reduction of the surface tension from 7, to 7y, which
induces a distortion of the surface leading to a flow of fluids (blue arrows) towards
the strongest areas of surface tension 7.
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Figure 1.20. Distortion of fluid induced by surfactants. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

If you use an active surfactant, for example, containing azobenzene, the
isomerization Trans-Cis is likely to alter the surface tension, which may enable
matter flows. In UV irradiation, the concentration in the Trans isomer diminishes,
which increases surface tension. According to the light distribution, a surface
tension slope may be obtained with the possibility of having a photo-induced
Marangoni effect.
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Thus, if a drop is placed on a surface, it will be able to move along this by taking
advantage, as Figure 1.21 shows, of the light-induced alterations to surface tension
[SHI 99].

‘ Light irradiation ‘

Distortion of

‘ the drop
Direction of movement ‘ : ;

— 0, O

Figure 1.21. Possibility of guiding the movement of a drop on the surface.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

COMMENT 1.— taking account of the forms of energies called into question, if this
technology enables the movement of droplets on the horizontal flat surface, it is only
possible through immiscible fluids of the same density (see swimming robots in
section 1.4) for an application to additive manufacturing.

COMMENT 2.— with the Trans-BTHA [SHI 99] showed that the irradiation of
hanging drops may lead to their fall. From there, envisaging a principle of rapid
matter deposition using this process, only involves one step (see Figure 1.22 which
represents the developed formula for surfactants).

a0
?

Figure 1.22. Formula developed for surfactants
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1.3.3. Distortion of metal parts

1.3.3.1. Drops

By way of an initial example, we quote the article of 3ders.org [3D 14], a sign of
the possibility of rotating and moving the droplets of an alloy Ga/In/Se melting at
10°C, floating (due to surface tension) on the water via a magnetic field. The
Chinese authors Sheng, Zhang and Liu [SHE 14], of the Chinese Academy of
Sciences in Beijing, also succeeded in altering the shapes and sizes of the droplets. It
is a matter of seeing how we can access the third dimension. Figure 1.23 shows the
effect of an electric field [NEW 15].

Figure 1.23. Effect of an electric field (left) on the shape of an alloy droplet

1.3.3.2. Magnetic-oriented architectures

Recently, Martin, Fiore and Erb [MAR 15] linked with photopolymerizable
resins for magnetic particles, which can be specifically oriented, by altering the
range and the orientation of the given field. This achievement, where two forms of
energy are coupled together, enables the production of singular magnetic property
structures, at the same time as a possible strengthening of the material by the
increase in the sequence of elongated particles in the polymeric matrix. Catheters
having neonatal applications are thought to have been produced using this principle.

1.3.3.3. Shape-memory alloys

Lastly, shape-memory alloys may be used [BAL 96]. These alloys have several
novel properties among metallic materials: the capacity to remember an initial shape
and to go back to it even after distortion. There is the possibility of alternating
between two previously memorized forms, when its temperature varies around a
given critical temperature. Moreover, superelastic behavior enables elongation
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without permanent distortion greater than that achieved with other metals. Among
the main shape-memory alloys, we find a variety of alloys made of nickel and
titanium as principal constituents, in almost equal proportions [MEI 12, DAD 14].
Although the name “nitinol” is in fact only the name of one of these “quasi-
equiatomic nickel-titanium alloys”, this designation is currently used within works
in the field to denote all of these alloys, with very similar properties. To a lesser
extent, some copper—aluminum alloys also have shape-memory properties
[WIK 15]. Although these materials have not actually been used in additive
manufacturing, their spheres of application today cover medicine, the aerospace
industry, the car industry, women’s clothing, the spectacle trade, security and
research [NIM 17]. This development was for a long time limited by low durability
and their capacity to regain their initial form [CHL 15]. However, everyone
remembers an example which is now classic, that of a demonstration by Uri Geller,
before an astounded audience of the distortion of spoons produced by such alloys
using a thermal effect (L’arrét public gouverne MENT, [LAR 10]). Several
applications in additive manufacturing can be envisaged (by remembering low-
volume variations, and also shape changes which may be reasonable). In particular,
as Figure 1.24 indicates, metal shape-memory alloys have a specific advantage
(relative to polymers). This is their weight/power correlation (hence their use as
actuators). This has the potential for exploitation in 4D manufacturing.
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Figure 1.24. Power-mass relationship of shape-memory alloys (SMA)
versus motors according to Patoor [PAT 06]. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip
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1.3.4. Conclusion

The original component of this recently emerged sphere for additive
manufacturing resides in the principle of “smart” matter to extract spatial
functionality from it (rather than falling within spontaneous self-assembly). At this
stage, although “photochemical muscles” have already been the subject of works, to
the author’s knowledge, the idea which consists of starting from a simple shape,
which may easily be produced by traditional techniques (molding and traditional
machining) for post-treatment by light (or all other forms of localized energy in
space and time) and the idea of obtaining a complex object has not been put forward.
It poses the question of having available materials with a high scalability (we recall
that for shape-memory alloys, the gap between both forms is generally of the order
of a few percent), of being capable of processing the inverse issue. Starting from the
basis of achieving a given form, what may in fact be the initial form?

However, although this route appears interesting, we should tackle studies of
very simple objects to infer given laws. Evidently, it may be a question of working
on surfaces rather than volumes to simplify the situation. For all that there is a risk
of the number of influencing parameters to take into consideration being high,
leading not to a unique solution for a given spatial resolution, but to a set of
solutions. At the same time, we run the risk of the absence of solutions for forms,
which are too complex. Thus, starting from a given continuous material, the
formation, for example, of a percolating environment could be problematic. These
means are explored below.

1.4. A transition to 4D printing: swimming robots

In section 2.2, the possibility of moving a droplet of matter by the provision of
external energy was shown. On this principle basis, minuscule swimming robots
containing particles of iron oxide linked by chemical bonds are able to move, thanks to a
magnetic force [CHE 16]. In this paper, these particles are not intended to self-assemble
to create a given object, but from a size of the order of a nanometer, this object should be
able to circulate within the vascular system from an external magnetic field ((RAO 15],
Figure 1.25). Indeed, the swimming robots’ swimming is well controlled, as they move
at a low Reynolds numbers: “Indeed the Reynolds number, in respect of flow is very
small, of the order of 0.00001, whilst within usual flows (for example that we ought to
consider for a human swimming in water) this number is typically of the order of
100 000” [ALO 12]. A swimming robot made up of three spheres, placed side by side,
was studied by Alouges, De Simone and Lefebvre [ALO 08]; Naja and Golestanian
[NAJ 04] and Garcia [GAR 13] where it is shown that it can effectively swim (slowly)
within a three-dimensional flow with a low Reynolds number.
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Figure 1.25. Principle of robot-swimmer movement (various types:
translation (T); rotation (R) and circular movement (CM)). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

Although the researcher perspective is to carry medicines (cargo effect) or to use
swimming robots for emitting obstructed vessels (icebreaker effect), it is envisaged
to use for a given voxel or convertible matter which, in a state of weightlessness,
may be guided upon a given object undergoing construction. The principle of this
construction necessitates accurate guidance of each robot, which is considered as
isolated from other swimming robots. Otherwise, apart from the feasibility of a
precise command, these entities behave according to their density and flow as
Lushia and Peskin [LUS 13] and Liebchen, Cates and Marenduzzo, [LIE 16]
showed. Yet, in Volumes 1 and 2, the question of voxel size was widely mentioned
as it was linked to manufacturing time. Within this system, by using variable-sized
particles, it is possible to envisage the construction of nanometric objects or a more
significant size using a “multi-voxel” principle, indeed, multi-materials with cargo
voxels of varying sizes (see Figure 1.26).

‘ Light-guided robot-swimmer

Focused light

Movement

\/1 towards | |
object being

/ constructed

— (¥
Voxel .

Motor
Object constructed using variable-sized swimming robots

3

Figure 1.26. Application of swimming robots to additive manufacturing,
for example, light-induced polymerization. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip
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Various guidance techniques may be envisaged. These are presented in
Table 1.3, largely stemming from the works of Rao et al. [RAO 15].

Locomotion
principle

Materials

Commentary

Bibliographical
references

Electrophoresis

Microspheres,
bimetallic rods,
fibers

Known mechanisms, self-generated
electric field, sensitivity to the given
medium conductivity, high speed >
100 pm.s™!

Paxton et al.
[PAX 05]; Wheat
et al. [WHE 10]

Diffusiophoresis | Heterogeneous | Self-generated concentration slope Hong et al.
voxel with enrichment of fluid support in [HON 10]; Ibele et al.
substances dissolved in the process [IBE 09]; Howse
(difficult to apply in additive et al. [HOW 09] and
manufacturing) [HOW 07], Clément
etal. [CLE 16];
Clément [CLE 16]
Bubble propulsion | Elongated forms | Catalysis for the decomposition of a | Wilson, Nolte and van

reagent producing bubbles, with an
uncertain trajectory

Hest, [WIL 12]; Gibbs
and Zhao, [GIB 09];
Solovev et al. [SOL 09];
Zhang et al. [ZHA 15a]

Electric field Microparticles Localized electrolysis in water Calvo-Marzal
producing bubbles, accuracy difficult | [CAL 10]; Loget and
to achieve and slow movements Kuhn, [LOG 11]
Magnetic rotation | Flexible Swimmer rotation within a magnetic | Gao et al. [GAO 10]
stretched out field inducing locomotion, accuracy | and [GAO 11]; Ghosh
shapes possible but slow speed and Fischer [GHO 09];
Tottori et al. [TOT 12];
Peyer et al. [PEY 12];
Li et al. [LI 16a]
Ultrasound and Metallic Conversion of moving energy, Wang et al. [WAN 12];
acoustic waves particles uncontrolled behavior, high speed Ahmed et al. [AHM 16]
Photochromism Elongated form | Spiropyranes or azobenzene Li et al. [LI 16]; Huang

compounds are likely to have light-

induced Trans—Cis transitions
leading to the movement of flagellum

et al. [HUA 15]
Stanton, Trichet-Paredes
and Sanchez [STA 15]

Table 1.3. Various forms of propulsion of swimming robots
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For magnetic propulsions, Li er al. give some indications as to the speed of
movement according to means of action. This data is shown in Table 1.4.

Nature of magnetic stimulation | Speed in pum.s™ | Commentary

Internal particle oscillation 30.9 Movement as if a fish
Oscillation 6-14.4 Boat (scull) movement
Rotary feed 18-40-180-250 | Screw movement

Table 1.4. Speeds of movements obtained by Li et al. [LI 16a]

In the case of azobenzene Trans—Cis linked to a light-induced transformation, the
motor is linked to the voltage induced by the change in form of azobenzene within a
sandwich structure, such as that shown in Figure 1.27. There is, with this type of
mechanism, a means to control partial rotation of a fixed flagellum on this motor as
shown in Figure 1.28 ([HUA 15], see also [EGU 16]). Although the constraints are
not homogeneous within the different layers, a moment of forces appears and the
thin layers may then curve spontaneously, subject to the action of external forces.
Thus, by exploiting these constraints, a new “self-winding” material produced with
cross-linked polydimethylsiloxane (PDMS), a transparent and biocompatible
elastomer and silicone oil was able to be produced.
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Figure 1.27. Principle of operation of photochemical motor. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 1.28. Relationship between photochemical motor and its flagellum.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

In their publication, Khoo et al. [KHO 15] have produced a synthesis of
applicable processes in terms of “smart” matter. A summary of their conclusions is
comprised in Table 1.5.

Materials and structures | Approximate | Commentary
resolution
Piezoelectric 5 um Production of electric charges when a given
nanocomposites constraint is both applied (and reciprocated). The
support material is a polymer such as the PEGDA
(Poly(ethylene glycol) diacrylate)
Memory-shape alloys |/ Change of shape induced by temperature (problem
(NiTi) of hysteresis to take into consideration)
Memory-shape 20 um Distortion of a bi-component system with various
polymers properties (bimetallic strip effect) induced by the
temperature or by the light (heating)
Bimaterial system 30 +/- 10 um | Electric activation and bimetallic strip effect
including a dielectric
elastomer
Polymeric composite 45 +/- 15 Movements induced by temperature
and origami

Table 1.5. Several examples of applied smart matter in additive manufacturing
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1.5. 4D Printing

A simple means to produce a given object sensitive to stimulation of energetic
origin is that of the rubber balloon, the shape of which increases in size as the
pressure of the gas filling it increases. Another example which is even better adapted
to the demonstration comes from Tibbits at MIT [MIT 16]. He places objects in a
flask which after shaking gather together to create another object (the traditional
problem of creation of order from chaos, which will be widely mentioned in the part
devoted to bio-printing). Figure 1.29 inspired by Tibbits and Thomas [TIB 13], and
published by Leist and Zhou [LEI 16], shows this.

/S;king\ Order from chaos or disorder

Figure 1.29. Creation of order through disorder (general concept

according to [LEI 16], citing Tibbits and Olson). For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

From there producing more sophisticated components such as the actuators
shown in the previous chapter or folding systems including internal expansion
enables interesting developments of shapes, such as those in Figure 1.30 by Yuk
et al. [YUK 17] which is an object produced by additive manufacturing, the shape of
which may be altered by the effect of hydraulic pressure. There are only extensions
of this concept. It is the same, for example, with the works of Ballandras et al.
[BAL 96] where a structure produced by 3D printing was connected to a structure-
memory alloy to manufacture an actuator. According to Pimenta [PIM 15], a
humanoid on a genuine human scale may be directly printed at home, thanks to a 3D
printer. All the parts have been designed to print without any particular difficulty
and self-assemble either by using screws or clamps. Other examples of the same
type exist (see, for example, [DEM 14, ATL 15, MAR 12, STR 13, MEH 14, YIM 07,
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KOT 98, KEA 13, YIN 16, HAR 16, PRA 16, ENG 17]). However, is this
4D printing?

actuation

Hydrogel
—

Fast hydraulic actuation (actuation frequency = 1 Hz)

T=0hr T=5hrs T=10hrs

Hydrogel

<=

Sylgard 184
layer

Slow osmatic actuation (actuation frequency = 1.4 x 107° Hz)

Figure 1.30. Hydraulic actuator. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

The concept of 4D printing hypothesizes that the given object is adaptive
through integration and less through the juxtaposition of the various components,
even when produced through 3D printing. The fourth dimension is time and/or the
given functionality [PIC 17]. The 4D technology concept enables the printing of
objects which themselves change shape and self-assemble with time. The dividing
line is therefore not so simple to find especially around the first aspect of subject
framework: changing shape by itself, as every robot does, even every machine does.
Moreover, the German firm BMW [BMW 16] in its research on vehicles of the
future has developed a prototype relying upon the concept consisting of spatial
conversion of the vehicle structure according, for example, to its speed. The idea of
4D printing tackles the assembly and the installation of products/objects which may
be able to self-assemble and their implementation in environments facilitated by
“Programmable Matter”. As has already been suggested, programmable materials
which build themselves thus make superfluous the need for assembly plants and
heavy industrial installation procedures. The robotization, the core of productivity
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gains of the 20th Century, would thus be integrated to the products themselves.
Nowadays, even Figaro Magazine (a French Newspaper) is speaking of 4D printing
[4DP 15]!

Independently of this problem of definition, it appeared useful to investigate,
through the library site of the University of Lorraine, what is produced on the
emerging theme. Figure 1.31 shows the results from the key words “4D Printing”.
Approximately 200 publications make up the available “stock”, but what this figure
shows is that it is an over-exponential development, indeed illustrating an
emergence, with the initial publications in the sphere being around 10 years old or
more. Moreover, Leist and Zhou [LEI 16] estimated that the 4D printing market will
be worth US$63 million in 2019 and nine times more in 2025 (values that it is
appropriate to consider relative to 3D printing estimates of US$5 billion to US$30
billion/year on this latter date).

~ | Number of publications

Figure 1.31. 4D printing publications (curve:
exponential through given optimal points)

1.5.1. Automation and robots

D. Rus of MIT succeeded in demonstrating the capacity for robotized voxels to
self-assemble in a given form, by using a type of distributed algorithm, without a
central server, in the manner of cellular automation. His team developed “m-cubes”
liable to roll on each other and also to climb on each other [SUS 14]. In the first
stage, it is possible to envisage, as MIT [MIT 13a] showed, articulating on the basis
of origamis, sets of voxels placed among each other to enable the introduction of
temporal development in the overall geometry of a given object. The photographs in
Figure 1.32 give examples of such developments.
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Figure 1.32. Distortions from movable voxels (with the
consent of the organization Nervous System; http.//nervo.us)

The same institute [MIT 13] shows that using simple examples, it is possible to
“control” not least by visual recognition. This idea, validated by Figure 1.33, relies
upon the movement of cylinders by using, on a two-dimensional basis, a means to
take an impression of a cornice or like certain toys which permit three-dimensional
construction. If we add a digital command to the movement of each cylinder, there is
a means of making matter directly or indirectly “programmable”. However, in these
two examples, which serve to introduce the subject, matter is inert. The idea consists
of going slightly further with the approach by “introducing the ‘smart’ element”
directly into the matter, at finer scales than this figure.

Figure 1.33. Reversible sculpture toy [CDI 17]
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Figure 1.34 from MIT [MIT 13a] shows the intrinsic complexity of such a
system which will not be able to be used at lower scales due to the high number of
actuators which it would be necessary to put together within a finished volume.
There is also the issue of the size of voxels to take into consideration.

HHHMH

-4

‘ Digital control and command ‘

Box of actuators

Figure 1.34. Experimental set-up of the MIT [MIT 13]. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

A 4D technology still in the process of assembly of programmed development
of robots [GE 13, GE 14, THI 14, BOU 14, LI 15, BAK 15, CRA 15, SAV 14,
THO 14, FIS 14, BUC 15, JIN 11, AZN 12, MAC 10, MAC 12] and other
references) may consist of creating “catoms”, capable of self-assembling
magnetically to produce any object [GIL 12, KNA 10]. From 2007 onwards,
researchers at the MIT had created prototypes from cylinders approximately five
centimeters in diameter, which have subsequently been somewhat miniaturized.
They have manufactured cylindrical “catoms” of around 1 mm in diameter, capable
of communicating and receiving energy. There is one small problem, they do not yet
move [SUS 14, HAR 12, HAR 15], but the cubes from the team Rus at MIT
meanwhile move to create genuine three-dimensional structures, however, having a
number of voxels which are very limited, as Figure 1.35 shows [GIL 12].

In this project, a new “smart” system manufactured from a component material
and a software approach enables the creation of a set of programmable objects
(taking a “smart” collective shape). The material component is a micro-robot
manufactured in series which uses the same IT mechanism, the same energy,
communication, and adhesion and locomotion distributions. The software approach
enables reconfiguration of a set of micro-robots for a given end.
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Figure 1.35. Example of 4D printing using cubes [SUS 14]

A demonstration was carried out with the assistance of a limited number of
programmed mechanisms. To go further, it extends to the resolution of the following
scientific and technological challenges:

1) The change of scale, while maintaining the same levels of movement and
adhesion performance, to achieve compatible sizes with a given applicable need,
although the number of robots becomes important. We can cite the project of the
research unit FEMTO-ST in Besangon (France), which is engaged in this research
direction. “For the material, we will create a genuine 3D micro-robot through
LSI/MEMS integration between the chip and a distortable substrate. Our main
manufacturing process will concern the actuator, which groups together all of the
necessary micro-robot functionalities” [BOU 16].
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2) The control of the cooperation of movements of a set of robots moves in an
autonomous way, without affecting other robots. However, to produce a complex
object with an “acceptable” accuracy, it is necessary to have a large number of
“nano-robots” engaged within collective manufacturing, with the difficulties of
multiple interactions between a multitude of micro-robots before avoiding one
another, as the following Figure 1.36 shows [YEO 15].

/‘\

N

Figure 1.36. Collective approach to interdependent movements
in object production and movements which may be concerted

What is shown on these figures is a form of tangled causality which may be
observed in a number of mechanical systems [SEV 05], with a nonlinearity and
largely unpredictable effects which may appear, especially if the number of
independent voxels at the start has increased. “For software the challenge is to
intensify the number of components which may be efficiently controlled with a
single easy-to-understand program” by the user. “We are going to create Foxel, an
invariant descriptive recursive language implemented within a logical programming
language. In addition, we will devise ‘Meld’, to create programs which are naturally
distributed, tolerate breakdowns, and which can also progress towards clear
evidence. This project follows the ‘Claytronics’ project initiated by Intel and the
University Carnegie Mellon, then co-directed with FEMTO-ST” [BOU 16].

3) The energy supply in increasingly small objects, by reducing the size, we
reduce the space devoted to energy storage, with a charge that varies with the cube
of the average dimension of the object.
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1.5.1.1. Concluding comments

“Although the necessary progress as regards hardware is yet to be accomplished,
it does benefit from a fairly simple road map: the strategy of miniaturizing! The
creation of distributed software is, for its part, even more uncertain. We have been
working on this subject for more than two decades. There have been an increasing
number of experiments, as much in the real as the virtual world. However this type
of process is still an economic study without practical applications” [SUS 14].
Nevertheless, going from a few centimeters to a few hundred um corresponds to
change in scale of approximately 100, or for a three-dimensional object having a
factor of 10° It is nowadays difficult to imagine a process involving energized
micro-robots and having a collective assembly program and moving without causing
collisions. Perhaps it is necessary to investigate the movements of a given number of
social insects (bees, ants and termites) who know how to move within a complex
environment asking the following: “Why is the group moving coherently whilst each
individual seems to be autonomous? How are the activities of all individuals
coordinated without supervision? Behaviorists studying the behavior of social
insects observe cooperation within colonies as being subject to self-organization:
often, it results from interactions between individuals” [BON 00]. That which nature
knows how to do with ants, man begins to know how to do. However, the
application phase, within 3D or 4D additive manufacturing, is only taking tentative
steps. Nevertheless, although we can content ourselves with less precise forms, it is
not impossible to envisage a very flexible process to produce “smart” objects. It
would certainly be useful to monitor this issue.

1.5.2. Origami

Sheets of origami when the author was young generally had a square shape (but
this was not always the case). The various shapes are obtained by successively
folding the given sheet. In theory, it should not be cut. The given origami can
represent an animal, a plant or an object, but can also represent geometric forms
which are simple or complex: these are the so-called “modular” origamis. Although
this Far Eastern expression is introduced into this chapter (apart from DNA
origami), it is in order that we can create a three-dimensional shape with an initially
flat structure.

For centimeter-sized entities, it is possible to position the traditional actuator at
given folds. Their rotation enables the movement of given planes and, consequently,
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the movement of origami which can, through an adapted control, become a robot-
origami. Nisser et al. [NIS 16] used origami techniques to create and deploy four
robots constructed from a single sheet. These were made from several layers of
different materials. This process would enable facilitation of the deployment of
robots in swarms for various applications. Shape-memory polymers and the origami
principle are used to create robots from a single sheet, enabling precise folding
control thanks to mounted sensors. For the moment, the capacities of small origami
robots are fairly limited. Their top speed is approximately 10 mm per second and
their autonomy approximately a few minutes [ACK 16]. This coupling example
between robotics and “smart” matter is indeed not unique.

Very recently, researchers at MIT presented a “robot miniature” prototype
capable of adopting various shapes, of moving and of transporting loads by pushing
them. This small ultra-light robot, which is remotely controlled, can close in on itself
to adopt different postures. These include walking, swimming and moving heavier
loads than the robot itself (before finally self-destroying within the acetone
substance). What is interesting is that to produce this movable 3D object, it is
sufficient to print programmable matter using a traditional 2D printer.

“This machine is only made up of two extremely thin layers of polystyrene (or
paper) between which are a magnet and a sheet of PVC measuring with a side
measuring 1.7 cm in length. These relatively simple materials enable the inventor to
produce remarkable feats when working within a suitable environment. Thus, when
the device is placed upon a heated area at the right temperature, the sheet of PVC of
which it is made folds in less than a minute according to pre-determined structural
lines. Then, thanks to the combined action of four solenoid mechanisms arranged
below the surface, the “robot” is able to move in any direction at an average speed
of 3 to 4 cm per second. Moreover, it is capable of carrying a weight of 0.6 grams,
climbing a slope and cutting a chosen path through various obstacles” [RAN 15].

In the same spirit, other works have been published: Rus at the MIT shown by
Hardesty [HAR 15] on origamis; see also Khoo et al. [KHO 15], Ge, Qi and Dunn,
[GE 13, GE 16a], Ge et al. [GE 14]; Hawkes et al. [HAW 10]. The following
Figure 1.37 shows the potentialities of these microelements distortable due to one or
more localized magnet(s) localized around the given object, having cell components
with the Peltier effect and controlled movement by magnetization determined at the
surface. Optic or thermic control can be used.
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Figure 1.37. Robot-origami moving a given object (from the
start to reaching the objective). For a color version of the
figure, see www.iste.co.uk/andre/printing3.zip

Using this system (which has been subject to other publications by Daniela Rus’
team such as: Felton ef al. [FEL 13, FEL 13a], An and Rus, [AN 14], Hawkes ef al.
[HAW 10], Onal, Wood and Rus, [ONA 13], we find ourselves in the same
difficulty of self-assembly collective production, having a three-dimensional object
responding to instructions. However, it is possible to use light in Figure 1.7, the
possibility of controlling micro-robots to move voxels. This enables the manufacture
of an object or its completion using the matter of an existing object. This system
might be used advantageously in areas which are difficult to access or even
dangerous.

Figure 1.38 shows the principle which stems from Ge et al. [GE 14] resumes the
same idea with thermomechanical systems. In their publication, the relaxation time
is of the order of 0.4 seconds. For an adapted design, there is the possibility of
achieving more complex forms provided that the object can be described on a plan
before being folded (see Figure 1.40 stemming from Kimionis et al. [KIM 15], see
also Tenzeris et al. [TEN 16].

Examples stemming from Py et al. [PY 07] use the influence of water and
surface tension illustrating the concept within another framework, that of altering
surface tension (see Figure 1.39). Others use porous high-power displaced polymer
materials distorted by an electric field [HAN 04].
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Figure 1.38a. Principle of operation of a given thermomechanical origami.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

Figure 1.38b. RF antenna produced by additive manufacturing and
multi-materials producing origami to achieve a 3D structure
(with the permission of M.M. Tenzeris). For a color version of
the figure, see www.iste.co.uk/andre/printing3.zip

Figure 1.39. Development of PDMS membranes in the presence of water
per the initial template produced as flat (with the permission of Benoit Roman)
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1.5.3. Octobot

Mazzolai and Mattoli [MAZ 16]; Wehner et al. [WEH 16] printed the body of a
silicone octopus in 3D. They used tanks of oxygenated water and catalytic reactors
which store localized hydrogel-based inks in their tentacles. These contain particles
of platinum, which catalyze the controlled decomposition of oxygenated water
which frees the oxygen serving as a thruster. Pistons and gates regulate the
movements of gas to propel the robot. “Being less than 2 centimeters in thickness
and almost the size of a human palm, the Octobot can operate for 4 to 8 minutes
before getting to the end of its supply of oxygenated water. Larger versions of this
robot (shown in Figure 1.40), may be capable of remaining active for longer time
periods upon each replenishment” [DEV 16].

engent i

‘ Electronic control
‘ Outflows for gaseous oxygen

Figure 1.40. Approximate drawing of an “Octobot”. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

1.5.4. Massive objects

Figure 1.41 stemming from an idea of Yang et al. [YAN 16] and Ge et al.
[GE 16a] highlights the aptitude of memory-shape polymers involved in additive
manufacturing to produce actuators (see also [SEN 16, LU 17, ZAR 15, YAN 16]).
This is completed by the actual demonstration of the idea on the figure as shown at
the bottom.
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Figure 1.41. Actuator thermically agitated by a shape-memory
polymer (image supplied by Kevin Ge [KEV 16]). For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

Although it is possible to calculate the shape of a 3D object fairly easily and to
envisage it developing, the experiments shown to illustrate the significance of this
emerging domain essentially concern elongated objects or those in the form of
layers. Concerning massive objects, such as that of the chosen provocative example
in Figure 1.42 to illustrate the idea, the problem to process becomes more delicate,
as it involves:

— aradical change of shape;

— aradical change in functionality.
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Since it does not appear possible to the author to resolve the complex problem of
the conversion in this figure, posing questions linked to the nature of the material (so
that it becomes distorted and that it has good machining properties), energy
provision (within the particular material) and the process, it appears at this stage
necessary to commit to a “minimalist” demonstration. This happens by choosing an
apparently simple example of that of the passage from a sphere to a cube, as shown
in Figure 1.42. To simplify the problem, we could content ourselves with a form of
surface modeling of these two entities (which are then assumed to be defined by
their surface). In making up the base object with line segments (actuators, the length
of which may be activated by the provision of remote energy), it is already possible
to consider a given number of interrelationships to take into account between these
various segments. This is because the reduction of a segment (pixel) affects others,
being those which are the closest and less and less the others which are the furthest
away.

In a recent article [ALA 16], the conversion to apply to each pixel of a cube to
achieve a sphere, or the inverse conversion, can be calculated fairly easily using
morphing methods which the authors have developed. “The work carried out shown
in this publication indeed enables us to go from one shape to another using the same
meshing: we mesh the so-called ‘reference’ shape. They calculate the conversions to
apply to it to obtain the final desired form. The advantage from a digital viewpoint is
that both forms have the same meshing, that is to say the same number of nodes and
the same connectivity matrix, which enables us to deal with a digital problem
without having to re-input the same data each time” [BEL 16]. From a principle
viewpoint where there is the preservation of volume, the work of mathematical
modeling around the relevant distortion to apply to each surface component was
produced by Rohmer [ROH 14] and Rohmer, Hahmanna and Cania [ROH 15].
Sophistication linked to the non-interpenetration of surfaces (the example of an arm
folding) has been developed by Vaillant et al. [VAI 12]. This scientific activity takes
its origin, at the time of the animation of virtual characters of the calculation of a
credible skin distortion at the joints. The production phase of a distortion is usually
called “skinning”.

There is thus, for this “very simple” example, the possibility of modeling the
local energy path (for each pixel) to achieve a given conversion (with at the end of
the chain, the possibility of analyzing the feasibility of an object from a given form).

This work is to be undertaken before addressing massive objects, which may
however, as a first approach, be represented by a meshing close to that proposed on
the surface of the object, by using a three-dimensional network.
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Figure 1.42. Desired transition from a sphere to a cube. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

1.6. Conclusion

The original component of this emerging sphere lies in the principle of
voluntarily making the matter “smart”, so as to extract a spatial functionality (rather
than falling, at the present time, however exciting these concepts are within robotic
self-assembly. This poses the question of the size of voxels involved and their
cooperativeness in the given movements). At this stage, if “photochemical muscles”
have already been the subject of works (which may be advantageously considered in
depth), to the knowledge of the author, the concept which consisted of starting from
a simple shape, easily produced by conventional techniques (for example, molding
and conventional machining) so as, after processing by localized energy in time and
space (for example, with light), to achieve a complex object. This is yet to be
explored. It poses the question of having available materials with a high
expandability (we recall that for shape-memory alloys, the gap between both forms
is generally of the order of a few percent). It is then a matter of being able to process
the converse issue. Starting from the basis of achieving a given shape, what might
the initial shape actually be?

However, although this route appears interesting, we might acknowledge the
need to tackle studies of very simple objects to infer given laws. Seemingly, it may
initially be a question, as has been suggested, of working on surfaces rather than
volumes to simplify the situation. For all that, the number of influencing parameters
to take into consideration risks being higher leading not to a unique solution to a
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given spatial resolution, but indeed a set of solutions (and, at the same time, the
absence of solutions). Thus, starting from a continuous material, the formation, for
example, of a percolating environment may be problematic. However, it should be
studied.

Table 1.6 collates all of the elements to master to develop this process (classified
as + for “easy”, = “feasible”, - “existence of an impediment”, -- “sticking point”)
with commentary.

Issue Attainability Commentary

Processes 7 Spatial transformation of matter induced by energy
(electromagnetic, photochemical, heat and other
forms of energy). Ideas are yet to be researched,
the sphere is practically uncharted (outside of
aspects of robot self-assembly) with the emergence
of work on the so-called “swimming robots”
(micrometric space and biomedical applications)

Flexibility - Possibility of using reversible reactions functioning
by analogical means (photo-mechanic effects
around polymers) or digital (shape-memory alloys)

Materials = Function of process (or processes)

Modeling -- Outside of author competence (see the inverse
problem)

Converse problem | -- Complex research avenue to explore, probably

starting by studies of surface distortion rather than
volume. Ideas are sought in this area

Interdisciplinarity - Collaborative encounter between photonics,
photochemistry, mechanics, automation engineers,
and other domains to move towards applications
(or other processes)

Table 1.6. Elements to bring under control for development of the 4D process

To reach the objective of a good control of this futuristic field, there is a need for
individuals originally from unconnected disciplines to explore these new boundary
objects which appear capable of a genuine future application. The expected
convergence (for which associated lines of questioning will be subject to discussion
in Part 1 of Volume 3) necessitates that we depart from “conventional” means of
innovation research. In exploring this axis, “accurately”, nowadays, capable of
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illustrating its capacity for proofs of creative concepts, but still limited in number,
these methods appear to have reached their limits. Around such an original and key
theme, still uncharted, it may be more interesting to consider what enables
“disruptive” innovation. This is the only way to think otherwise about scientific
developments around new applications. Nowadays, we are therefore witnessing
types of research “Uberisation” and 4D printing deserves better.

France Stratégie has stated that “A wave of innovations is materializing which is
creating new markets, and is overturning the economy in numerous sectors. Faced
with these disruptive innovations, the state must define its position: a wait-and-see
stakeholder possibly having a considerable economic and social cost which could
lead to a loss of sovereignty” [CHA 17]. However, within too many management
teams, risk-taking is too often perceived as an interesting topic of conversation, not
often appropriate, even esoteric, “particularly for researchers and academics, but
with no real significance on daily activities in terms of strategies, and without any
impact on their decision-taking processes” [LOU 17]. This idea is confirmed by
R. Quirion, the President of the Comité de I’Evaluation (Assessment Committee) of
CNRS who wrote in [CNR 16]: “At the CNRS, as elsewhere, interdisciplinarity is a
genuine paradox. Although it is one of the most pluridisciplinary institutions to
exist, [CNRS] must nevertheless make substantial efforts to stimulate
interdisciplinary research. This indicates that there exists even within the institution,
barriers which must be lowered if we wish to take advantage of the wealth and
diversity of science generated”.

To conclude for the time being, let us leave the responsibility to Alain Le
Méhauté [LEM 14] to provide his contribution for this chapter (which actually he is
not aware of as such). He wrote: “We estimate the economic potential of this future
technology to be several hundred billion dollars. We know that hundreds of billions
of dollars equates to between 1 and 4 million jobs... besides knowing that the
control of this technique induces multiple derivative creations, including conceptual
ones. We cannot regret the intellectual poverty of clichés, and the absence of
ambition which we make clear in our public and private research through result-
based programs. It is often very sad to read the content of guidelines into which the
research will fall within and compromise the future, if it wishes to be financed”.

It is a question of creating a little piece of nature to do so, and then to do so with
the so-called “programed” objects, rather than remaining does so, by only operating
in respect of opportunities (even if that only gets a foot in the door). Upon an open
passionate subject, French academic research cannot set aside this accessible domain
which bears a number of applications that are as yet unknown. Let us therefore try to
prove Alain wrong.
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Introduction to Part 2

“To create an artificial life that simulates natural life, it may be
necessary in theory to know what constitutes natural life”. [COD 68]

“The epistemic status of artificial life currently appears to oscillate
between the intermediate and the encroached upon forms of life.
Artificial life is intermediate in the sense that it appears to prove that
there are a certain number of dynamic and encryption processes that
do not belong to natural life in their own right. Such processes
constitute a common basis of operations for the living and machines,
whatever their substrate. In this sense, artificial life plays the role of
all modeling processes”. [PAR 94]

“Everything that the most subtle and ingenious of men can do to
imitate or aid Nature, which is accustomed to be understood as
Magic, to the extent that we have discovered various resources and
means that they practice to overcome these extraordinary processes.
What we can particularly note amongst us regarding the invention of
Canons and Printing, and upon the discovery of this ‘new world’, are
the people who principally believe that our ships were made by
Magic, our archways by enchantment, and that the Spaniards were
devils who came to destroy them with the thunder and lightning of
their harquebuses and pistols”. [NAU 45]
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“Extropy is the exact inverse of entropy. It is faith in the possibility of
endlessly increasing the power, the faith in the perpetual progress of
science and humanity”. [ROM 10]

“God does not mass-produce, does not shape two things using the
same mold, things are never so similar that one rose is similar to
another rose. God has not spared his own power which is absolute.
He can therefore renew the world in the emergence of infinite shapes
and, in truth, he does this at every moment”. [ALF 89]

“What changes radically, is that we no longer combine, initially, the
knowledge of each discipline, but we start by collecting together what
we do not know. ‘The state of the non-art’, in which the discipline
cannot possibly provide all of the answers to the issues that the
subject poses, is what we seek to both know and put together. Each
discipline looks at what the object cannot deal with through its given
concepts and logic. This questions scientific practice more deeply
because these non-knowledge aspects force us to see
interdisciplinarity as something other than as an additive procedure.
It obeys a subtraction logic (without lacking anything) which leads
each discipline to be reinterpreted by the others. Mastery is no longer
at the center of the process. Non-knowledge is no longer at the
margins but, in fact, at the center of the process”. [SCH 10]

“The question becomes one of yes or no. Are living organisms
‘simply’ or exclusively physicochemical systems? However what
exactly is a positive response to this question?”. [HEM 14]

“Einstein is one of the most original thinkers that I have ever met. As
his research goes in every direction, it is only to be expected that the
majority of avenues that he takes turn out to be dead ends”. (Henri
Poincaré in a letter on Albert Einstein applying for a permanent
position in France, quoted by De Gaulejac [DEG 12])

“However whilst it keeps looking for the obvious things, soon science
runs dry. There may be given fashions, and it is those who may follow
them who are likely to take the credit. Those who might not follow
them may not have them and indeed simply learn to follow these
fashions in their turn”. [ SEG 09]
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“May heaven spare us from snobbery which not only acknowledges
the possibility of a lean and superficial form of work, but protests, in a
spirit of anxious arrogance, against the competition for the vigor and
ideas where we find them”. [WIE 50]

I.1. Introduction

Bio-printing is a technique, for additive manufacturing, enabling 3D printing of
successive layers of cells in biomatrices to regenerate the structure of an entire organ
through replication [AND 16, AND 17, GUE 17]. Bio-printing has already been
used to produce parts of skin and bones, and for vascular grafting and tracheal
splints, as well as cardiac tissue and cartilaginous structures. Although still very
recent, this method is highly promising, not only in the sphere of regenerative
medicine, but also for the discovery of medical drugs and research in toxicology (see
[CHU 15, TUR 15, ATA 14, SHA 14, R&D 15, NAK 10, GUI 10, MEL 12, FER
13, ATA 15, PAU 15, KPC 13, TED 14, VEN 14, DOU 14, RIM 15, MA 15, LEE
15, STE 16] and, indeed, others).

“The classic image of the world was well described by Feynman [FEY 65]...
when he compared nature to an immense game of chess. Each movement, taken in
isolation, would be simple and the complexity just like irreversibility would simply
result from the large number of pieces in play. However, today it is difficult to
accept this image as a valid comparison” [PRI 94]. In the chapters which follow,
besides technological aspects, predictability will naturally be mentioned. How are
we to stand out from the crowd as regards technological aspects? On the one hand,
instability (chaos) — probability — irreversibility and the search for determinism (at
least for the given intended application). On the other hand, or put another way, the
incidence of consubstantial instability of the living on actual determinism?

Figure I.1 resumes that of the previous chapter from Ramirez-Ferrero [RAM 15].
The latter sets out the positioning of additive manufacturing technologies on a Hype
diagram (the Hype cycle is a representation of emergent technologies in
development of a given moment in history). For this author, this is indeed an
emerging phenomenon.
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Figure I.1. Hype representation and 3D technologies. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

This curve is completed in Figure 1.2 [EXP 13] which still leaves a little time for
the development of bio-printing relative to the techniques using “inert” matter.

4
0 Adoption of 3D technology (%) Rapid prototyping

B

Foundry and tooling ——

—

25 Digital manufacturing /

Personalized manufacturing

Years

>

1990 2000 2010 2020 2030 2040

Figure 1.2. Time lags in the various targets for additive manufacturing

“Bernard Stiegler, in line with Leroi-Gourhan, thus lays down the assumption of
the coupling of Man and matter, the coupling between anthropogenesis and
technogenesis: the technique is ‘the pursuit of life by means other than life itself’
[STI 94]. This premise induces an essential theoretical consequence: the need to
think of the majority of social, cultural, political and cognitive phenomena... from
this co-construction, this so-called ‘Man-Technology’ combination, and notably
using memory technologies” [SER 08].
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To create original life that partially artificially simulates what nature knows how
to do and going beyond that point, we must have an in-depth knowledge of the
natural world. However, it is possible to imagine from the basis of “rudimentary”
concepts that we will progressively rise through laboratory trials to biological tissue
repair [PAR 94]. Bio-printing belongs to the engineering of living things or
bioengineering, which integrates the physical sciences, chemical sciences and
mathematics, as well as the principles of engineering to study biology, medicine,
behavioral sciences and health. Its aim is to manufacture living organs. This
constitutes a type of missing link in the chain between the artificial and the natural.
This definition leads to an important comment: bio-printing cannot be adapted to all
living systems, but to personalized and specific situations (from a tissue, for
example) exploiting artificial systems. There is no question of returning to this point
made by Descartes [DES 50]: “The rules of mechanics belong to physics, to ensure
that everything artificial is also natural”. Although the artificial is closer to the
natural, the sections which follow investigate how we may (to some degree) explore
the reverse.

Figure 1.3. shows the development of the numbers of publications over the
course of time in this disruptive issue.

600

Number of publications

Slope rupture in 2014

Figure 1.3. Development of the number of bio-printing
publications (Library, University of Lorraine)
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An initial analysis of this data evidences an increase that is somewhat linear for
this sphere, emerging from 2014. The likely explanation is conceptual and technical
difficulties. However, the interest within the health environment (for example,
medicine and patients) and scientists was a “game-changer” after this date with an
“explosion”. There were double the publications in two years than in the previous
seven years. It is also necessary to compare this result to the number of publications
around the general theme of additive manufacturing. In 2014, the proportion of the
number of bio-printing articles was less than 1.5% of all articles on 3D printing. The
noticeable start year might be seen as 2005 with a rate of increase of 18.5
publications per year (compared to 400 per year for the process component (see
Volume 1); but with a curve that is in relative terms more or less twice as high for
bio-printing which has already enjoyed a larger dynamic in this initial period). By
way of comparison, backing up this comment, bio-printing is highly supported by
the EU and it is 4.9% of all EU financing within its various framework programs
affected by additive manufacturing, according to Esteban-Muniz [EST 16]. Since
2014, this curve has more than doubled. We must remember that the ultimate
general idea is to place the right cells on a given support so that a living tissue
develops falling within Dagognet’s finding: “It is not that we should respect life
such as it is, but its muted logic, its search for the maximum state and extent. It
sometimes fails, so we rectify it, and expand it. In addition we can go beyond
biology and ‘manipulate’ it”.

Paillé [PAI 15] projected that the market in the sphere will be worth $3 billion in
2025. Alex [ALE 16] stated that it may be $2.3 billion in 2020 (with an increase of
26% per year). Nothing has happened, but the commitments have already been
quantified with applicable targets, which Coulet [COU 15] reiterated in Figure 1.4.
Coulet is “less” optimistic since the market for 2020 would only be $2.13 billion for
the printing of organs, implants and personalized drugs (with a forecast of $3 billion
for organ printing alone in 2025). However, to date, the biocompatible materials
referenced are essentially polymers (polyamide), ceramic (dentistry) and titanium
(mechanical repairs) as was shown in Volume 1. What is interesting with bio-
printing is the possibility of considering the manufacturing of soft tissues whose
need is almost obvious to everyone.

Osteoarthritis is the most frequent form of arthritis caused by a disintegration of
cartilage around the joints, and the cause of pain and the loss of mobility. It
especially affects the hips, the knees, the fingers, the feet and the spinal column.
Bhumiratna et al. [BHU 14] may have succeeded in manufacturing cartilage in vitro,
from stem cells derived from bone marrow tissue. Yet, in the HuffPost of 2 May
2014, there was an article with the following catchy title, “The treatment of
osteoarthritis: from cartilage developed from 3D printing methods”. This was
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published although we are currently far from applying this concept. The pressure to
explore the sphere which reached mainstream media is indeed very real. To
convince ourselves of the significance of bio-printing technology, Figure 1.5, from
the works of Bajaj et al. [BAJ 14], shows the gap for the demand for transplanting
and reality.
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Figure 1.4. Particular targets for tissue repair

Medicine is no more art intended to define the causes of suffering and help the
organism to react to attacks which made the person ill in the first place. It becomes
the science of applied measurement in relation to our body, considered as an
assembly of organs more or less interdependent of each other. We must maintain,
repair, change, transform and improve these. Actual treatment may give way to
repair, indeed anticipation of repair. With individualism, the peculiarity of
individuals’ bodies risks becoming one of the foundations of tomorrow’s precision
medicine, such that it enables optimized care (which is in theory less costly than
care systems are at present). In the same time period, the effects of transformation of
the health concept (World Health Organization — WHO), ranging from the
elimination of illness to the production of an individual human being (comfort
medicine), support the potential development of “human enhancement”. The latter
development is enabled, in theory, by bio-printing. Moreover, the advent of 3D
printing may resolve some of the most pressing problems faced by organ donation,
such as availability and the risk of organ rejection by the patient’s body. In place of
using ink, these organ “printers” have a mix of living cells (“bioink™), which, layer
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by layer, form human tissues. As organs are printed with the patient’s cells, they are
in theory not rejected by the patient’s body. The success of usable human organ
printing appears both promising and highly desirable.

Number of people

Waiting lists (in thousands)

Transplants carried out (in thousands)

Figure 1.5. The demand for transplants in the USA and linear trends
according to [BAJ 14]. For a color version of the figure, see
www.iste.co.uk/andre/printing3.zip

Exchanges between biology specialisms (biochemistry, molecular biology,
cellular biology and bioinformatics) and the specialisms which manufacture, observe
or characterize objects which have their origins in additive manufacturing
technologies. This depends on the given projects, which may be chemistry, applied
physics, mechanics, electronics, bioinformatics, materials science, signal processing,
control engineering, photonics and process engineering, aiming to enrich knowledge
and the capacity for “manufacturing living organisms”. These scientists calmly
speak of a new world, fascinating and slightly worrying, of stem-cell engineering,
biomaterials, micropatterning, bio-printing and bioreactors, as well as modeling
living things. They assert that we are already partly capable of reconstructing our
organs and liver [SAM 16], kidneys, skin, heart and, naturally, our brain, from stem
cells and by 3D printing. They explain to us how the scientists everywhere in the
world are making giant leaps in the spheres of bioengineering, bio-printing and the
reconstruction of living things. However, what living things are we speaking of? We
are relying upon the following single conventional criteria. Those of self-
reproduction, function, communication and development? Moreover, to what
extent? Should we, or should we not, be distrusting of the initial results and
appealing analogies?
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Impact Lab [IMP 08] said, M. Nakamura might be at the origin of the concept of
bio-printing, having remarked that human cells had sizes of the same order of
magnitude as printing droplets. Nakamura suggested that it was therefore possible,
in principle, to print cells using 3D machines. Melchels et al. [MEL 12] suggested a
historic approach in respect of bio-printing with opportunities which have enabled
its emergence (see Figure 1.6).

Stereo-lithography

| 2D printing inks ‘ ‘ 3D printing Years
‘ 1960 1970 1980 1990 2010 2020 ‘
Cell Redifferentiation | Tissue Scaffold
sorter of 3D engineering | printing
chondrocytes

Laser-cell printing
Bio-printing

Figure 1.6. Historic approach to bio-printing. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

However, it is proving a long road from this production idea, although with
successes and conceptual difficulties, which are stated daily. In 2008, Nakamura
produced blood vessels using hydrogel. Since then, the number of publications has
only increased as Figure 1.3 showed.

In 2012, according to Groopman [GRO 14], a child aged three months was
operated on in Ann Arbor (USA), by surgeons from the University of Michigan. His
trachea was so fragile that it was preventing him breathing. A three-dimensional
object produced by photopolymerization of an acrylic resin enabled the avoidance of
this form of occlusion and the child survived. Other developments of the same type
occurred [HAN 16]. Although this historic approach is mentioned, its topicality
within the space of a few years profoundly modified this landscape. We are
nowadays trying to provide it in a manner adapted to living matter. In addition, it
has led to an associated patent with connected questions in Europe for this type of
industrial protection linked to health [SAL 12]. We have gone from 3D printing
(using an inert matter that is, if possible, biocompatible) to bio-printing using living
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matter (essentially cells). To continue with a symbolic image, that of Prometheus,
whose liver was eaten by an eagle sent everyday by Zeus, his liver may be
reconstructed by using bio-printing in a few years. Certainly, it is a mess, but it is

(you might say painful) immortality enabled by technology.

Figure 1.7 by Groll et al. [GRO 16] positioned bio-printing within various
interfaces. To access “digested” information, Cassaignau [CAS 15a] and Printerink
[PRI 13] presented a “commercial” and “American” historic view stemming from
Organovo, one of the global leaders in the sphere, concerning bio-printing, which

any interested reader may find online.
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Figure 1.7. Position of bio-printing at the interface of other disciplines
(IT: Tissue Engineering and RM Regenerative Medicine). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

1.2. Background

As has been indicated in the previous chapter, “morphing” or programmable
matter is introduced in scientific and technological anticipation within numerous
development trends, but, caution is the watchword, going beyond the 2030s. Within
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a given creative logic, as happens after fertilization of the egg by a sperm, where,
since the dawn of man, scientific and technical constraints may be excluded, why
not evoke a spatial transformation of an object containing living cells providing
specific energy, whatever form and nature it takes?

It might be from a given form, which is easy to produce, so that it becomes, with
the provision of nutrients and thanks to an adapted structure (for example, chemical
energy), a shape corresponding to a given application, by exploiting the spatial
distribution and in terms of the range of this energy (or indeed of these energies). It
may also be possible to have available an adaptive system, such as the “piece” of a
living organ. Without doubt, we are seeking to apply forms of determinism which
hypothesize that everything happens simply with the knowledge of the initial
conditions.

On these bases, the initial vision of the engineer was to keep the idea simple, if
possible within causalist thinking, with the tools available and rejecting these
revolutionary concepts which seem distant from his/her culture. Living matter may
be ordered meaningfully so that its shape may be, at least as a first approximation,
geometrically described. We may think that the structures, which are to a greater or
lesser extent self-organized, may be associated with certain types of physical or
physicochemical conditions. By placing ourselves within a larger evolutionary
perspective, it is impossible to predict the evolution of shapes by deducing the
application of simple laws that we would have been able to identify. More precisely,
by experience, although laws are necessary, they do not prove sufficient. They form
the inescapable background of a given evolution which develops in a way that is
seemingly not determinist through the interaction of natural systems between them
and their environment. “Morphogenesis” sciences are only valid within the limits of
ordinary or macroscopic physics. Yet, the latter is only an approximation imposing
the removal of linear determinism.

Thus, in the living world (the “genuine life”), cellular differentiation, the formation
of organs, shape, patterns on fur and the shape of a shell are the characteristics
of a given individual or a species. This is the case even if the details vary from one
individual to another. How and why these particular forms and not others are selected
during physicochemical processes which are at work in the living or inanimate world?
These questions constitute major scientific issues, which come out of the current
reflection on bio-printing. Scientifically, taking the approach of “Descartes”,
it is possible to investigate whether what we know nature does “naturally”,
around global and integrated systems, may be produced in vitro, upon artificial
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bases. Thus, by preparing the components of given molds by additive manufacturing
(including inert matter and living matter) to impose a given structure and mold (the
reduction of the mesh worked with), it has become possible to think that we may (in
the future) reach a stage of organ repairs by introducing, where necessary, living
cells which will be allowed to develop for a given end (for a known environment).
Within this “paradigmatic” context, bio-printing may be situated between
“conventional” additive manufacturing, this sphere of excellence of engineers
(processes and materials) and biology, indeed natural sciences (assuming that we are
not being almost tautological in doing so).

Whether or not these questions are metaphysical, we must indeed invest in the
subject with machines and processes. This is what will be described in Chapter 2
with reminders as to the relevant biological environments used. Traditionally, the
technologies shown in Volume 1 serve as pillars to explore the topic
technobiologically. This same chapter will also mention the knowledge that we have
as to the current potential application for bio-printing technology with several
promising niches. Thus, relative to traditional additive manufacturing techniques,
the printing of biological components adds a highly important level of complexity to
the various processes because it is necessary to structure materials in a “smart” way.
This applies whether or not they are living materials, imitating the extracellular
matrix and controlling spatial distributions of different types of cells or
biomolecules. These are able to play a role around cellular differentiation, growth or
apoptosis and other related factors.

In the field of regenerative medicine, this technology may enable us to
counteract the lack of natural grafts by, for example, developing artificial grafts of
the cornea and the skin. This situation presents the feature, which is not in the least
trivial, of progressive alteration as described in Cardot [CAR 15]. This is at a
rhythm, which is henceforth particularly sustained, not only the place of technology
within the everyday world of individuals and their organizations, but also the living
conditions of human beings, even the nature of the human being in the complex
world in which the ego is favored. Beyond this, despite the recent advent of the
concepts of “science ethics”, “the precautionary principle”, responsible
“innovation”, responsible “investment” and other aspects, profound alterations take
hold. These are insidiously formed from technological prowess on the nanometric
scale, and from additive manufacturing (3D printing). They enable us to envisage
from now on, and to make possible, scientific options dreamed of a few years ago in
the “living” sphere. These occur through all forms of possible substitution for
human biology of given alternative technologies. These include various prostheses,
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genetic manipulations and the robotization of the body. The development and the
manufacture of biological tissues represent in this delicate, but attractive context,
major socio-economic issues [GUI 11, FRI 17, MAG 13]. This ethical and
responsible aspect will be the subject of Chapter 4.

Chapter 5 follows the conceptual management of processes, for which the need
for robustness is obvious. Guidolin, Rebuffat and Albertin [GUI 11] proposed a
traditional flow chart partially adapted to the situation of bio-printing shown in
Figure 1.8. This modeling aspect is hence the main difficulty in the sphere and
deserves at least an entire chapter to itself.

‘ Selection of cellular behaviors
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‘ Mathematical model
L 5

’ Numerical simulation

Research for overlooked
components and/or
inappropriate
parameters

Comparison with results

Predictions

Experiments

Comparison with results

L 3

Cell behavior to achieve desired tissue

Figure 1.8. Traditional flow chart adapted to bio-printing. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

However, the reduction shown in this figure which slightly obeys determinist
rules with identified cause and effect relationships is probably sufficient to remain at
a framework generality level for evolutionary phenomena. In what we are
attempting to discuss, it is the lack of knowledge of the roles of biological
components, recursive and associative effects between cell systems which have
sufficient influence to make this conventional scientific approach obsolete (the
model proposed will probably not advance the understanding of spatio-temporal
complex systems which are yet to be studied). To illustrate this aspect of
complexity, Figure 1.9 from the Maison Blanche [MAI 16] mentioned numerous
interrelationships between disciplines which impose a more difficult approach,
which may lead to numerous dead ends.
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Figure 1.9. Biomanufacturing (B: Biology; Eng: Engineering;
P: Physics; C: Chemistry; IT: IT, AM: Applied mathematics)

We thought and maybe still will for a certain length of time, with programmed
obsolescence, that artifacts have a given lifespan. However, with bio-printing, we
are introducing the artifact into our own lives. In the bio-printing approach,
inevitably the complex relationship between interdisciplinarity and modeling,
between science and the pursuit of profit, between the control of processes and
effective patient treatment, and between repair and diversions all come into play.
The first relationship can, as Mathieu and Schmid [MAT 14] said, take varied forms
relying upon given knowledge hub (heuristic approach) or upon experimental
support objects for concepts. These, in every way, will only find direction by an
interdisciplinary approach. For these authors, that assumes an epistemological
decision, which forces stakeholders into a reflection as to the best choice from
various “method discourses”.

Set out as an eminently collaborative sphere, bio-printing, which, out of
necessity, integrates the principles of convergence [MIT 16], offers a particularly
interesting field of study within interdisciplinarity. The bases of disciplinary
alliances should, after learning the common communication language, enable
reflections on the best ways to explore this sphere, without which we cannot know
how to define a causal relationship between projects (repair, and indeed human
improvement) and expected functionality. Hence, the consultation of various
partners from different disciplines must be expressed through the diversity of
revealing currents of the dimension, complexity and the tensions of the emerging
sphere which bio-printing comprises. It normally results from the difficulties of
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“cooperation” between highly heterogeneousness actors. However, this is perhaps
surmountable, enabling us to investigate whether the difficulties actually lie
elsewhere.

Among the structural and important factors of support for 4D printing and, in
particular, bio-printing, we must take into consideration the demand of the so-called
“baby boomers” within our society, which is subject to fundamental changes. The
latter, in increased numbers, have time and money and want to “remain/appear
young”. Yet, it is now acknowledged that, in general, these are not marketing
exercises undertaken by the individuals interested in a given product. These are
intrinsic needs of people which create the effective demand. At that time, the
population profile has a crucial importance for choices taken, leading to other
components of the social framework in the dynamics of both the given production
and the service created. This means that the timely arrival of a new service is
explained by the presence of a population ready to own it, and to use it to reach at
least part of its objectives.

IDTechEx [IDT 14] produced a study on future applications in the domain,
markets and players. This document, which the author has not bought, may be
accessed for a minimum price of 3,500 USD. The author is content with the Internet
summary. Nevertheless, within this synthesis, IDTechEx essentially targets two
main courses of action in bio-printing:

—the production of supports representing human tissues enables us to test
medicines (in place of trials upon animals and man; see Figure 1.10);

—the production of biological materials and human tissues for “repairs”.
Advances around this topic are shown in an overview in Figure I.11.
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Figure 1.10. Use of bio-printing for tests (tissue medicines). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 1.11. Maturity of applied projects within bio-printing. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

The Institut Gartner considers bio-printing as a breakthrough technology
equipped with a capacity for radical transformation [MOL 15]. This characteristic
flows directly from the duality or the disjunction between the digital and biological
aspects within bio-printing. This technology opens up a course as yet untraced, but
promising, for manufacturing upon demand and in a “bespoke” manner of complex
biological tissues, and especially those which are personalized. Cusset [CUS 16]
said that, for the moment, regenerative tissue engineering, whether in vivo or in
vitro, of biological tissues thanks to the use of cells with the aid of structures and
biomolecules, which serve as “scaffolds”, are developing. The cells often come from
the patient. However, nowadays, artificially designed tissues do not yet perform as
well as natural tissues that they are replacing. They comprise a weaker diversity of
cell types, and are either not at all or not significantly vascularized, and only have a
simple three-dimensional structure.
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2

Bio-printing Technologies

“Is it actually useful to incorporate silver nanoparticles in socks to
eliminate the smell of sweat, or titanium dioxide nanoparticles in sun
creams so as to apply them more easily and so that they do not stain
clothes?”. [LAR 17]

“When a given technique spreads, we learn more about it and it
develops and improves... production costs reduce as well as the risks of
failure...Although chance favors a particular technique at the beginning
of the process, the latter benefits from a selective advantage. ....It can
end up dominating the market whilst another technique has actually
proved more advantageous for everyone”. [DUP 02]

“The paradox is therefore that a given work is only completely
contemporaneous if it is original (for the era) and original, in the
sense of not being content to reproduce that which already exists.
These are those works which innovate and eventually surprise or
baffle, and which retrospectively, will appear entirely to be of their
time. We need the past and the future to be contemporaneous’.
[AUG 11]

“The deepest function of our being is ‘creating the future’”. [VAL 35]

“Scientists only spend part of their time purifying their given science
and, frankly, do not care about scientific philosophers who come to
their rescue. Good scientists only engage in scientific warfare during
their free time, for example when they are retired or lacking subsidies,
but others are on the brink of war day and night and even succeed in
bringing together fund providers for their given cause”. [LAT 07a]

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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“In recent decades, some radical changes have taken place in our
society: our relationship with Nature, our bodies and our suffering,
the mobility of humans and things, life expectancy, the decision to
generate (and sometimes the desire to eradicate) global demography,
habitats within space, our relationships within collectivities, and with
knowledge and power”. [SER 09]

“What is a scientist? Firstly he or she is a common variety of
humanity, with the qualities of a common race, which is neither
authoritarian nor overbearing, or assured of his or her own opinion.
The scientist is diligent in his or her work, having the submissiveness
to remain within the ranks, the regularity and the mediocrity of given
abilities and needs. He or she instinctively senses his or her equals
and knows what they need, for example, a little independence and
frondescence. Without this they cannot work calmly and they need to
see their merits acknowledged having the beam of sunlight of a good
reputation, the desire to be clearly confirmed in respect of all their
ideas, as to means of a stamp, their value and usefulness, which aids
in conquering the self-mistrust which all lower level men and herd
animals carry in their hearts”. [NIE 86]

“It is in the midst of transition that Man is accomplished or it never
happens”. [DE 47]

“Progress is no longer conceived within the context of a given
forward-looking idea, but in relation to a desperate effort to stay in
the game”. [BAU 07]

“Science fulfills its objectives without ever finding that they do not
utterly correspond to a world being described, but rather to a world
yet to be constructed”. [BAC 77]

2.1. Introduction

Three-dimensional printing is partially a small revolution, one which is
increasingly accepted in the medical and biomedical sphere, for example, prostheses,
dental implants, dental cast molds and medical drugs. There are various uses and with
genuine success, having countless promising results. These pose numerous issues,
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for example, ethics, intellectual property and other issues. The market for such
results is huge (in excess of one hundred billion euros per year) with profits
estimated in relation to potential demand. This induces the quest, while the
biological feasibility stage is still to be achieved. The advantage is that with the bio-
printing technique, shown in Figure 2.1 [NAN 15, GUE 17], objects can be directly
produced from precise digital files and thus perfectly adapted to each patient’s needs
[MOU 15]. This is the case even if for certain dental application, precision
sometimes remains critical (However, the method is fast. A crown can practically be
produced online. Generally, the patient leaves satisfied). In this part, we will merely
consider structures including living cells (and not biocompatible objects made of
inert matter, which will be placed, with some backtracking, in the appendix of this
chapter).
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Figure 2.1. Principle of bio-printing

According to Peng, Unutmaz and Ozbolat [PEN 16], bio-printing has numerous
principle-based advantages relative to other methods of biomanufacturing, such as
molding, assembly using magnetic means, and microfluidic approaches, for the
following reasons:

— bio-printing enables the production of bio-printed tissues consonant with what
is expected both geometrically and, partially, in terms of functionality;

— it enables the manufacture of porous structures (upon which cells can cling)
with a controlled architecture;
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— it permits co-cultures with multiple types of cells;

— it enables the linking of model systems for various cells and additions;
— it enables the delivery of growth and gene factors;

— it is flexible and permits “customized” tissue manufacture;

— integration of vascularization is possible [RIC 17];

— four types of bioinks are used: cell-containing hydrogels, microcarriers, cell
aggregates and decellularized matrices;

COMMENT.— The authors indicate nothing on the induced cell history (differential
aging) by the manufacturing process itself. In the case of long-duration (several
hours) manufacturing, cells printed at the end of the process will have a different
environment from that of cells deposited at the beginning, which may have an effect
on the future behavior of cells.

Figure 2.2 shows the general principle retained for a repair procedure upon a
human from his own cells.
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Figure 2.2. General use principle (“virtuous circle”) of bio-printing.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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As will be further described, the cost of 3D printers is becoming accessible,
which enables us to envisage their “unofficial” application outside of the medical
profession. For example, on this latter register, some 2000 “makers” of the network
of American origin, e-Nable, are thus applying their know-how in the sphere of 3D
printing to serve patients and manufacture them an artificial hand from “open
source” data and software. The network is increasing in scale [NIE 15] and is only
awaiting the signal to go a little further.

However, Chneiweiss [CHN 12] described the history of organ transplants as a
series of failures until the control of immune compatibility, with its problems
regarding treatment following operations. To avoid this significant problem, a new
approach concerns the development of organ manufacture from patient stem cells
and biocompatible materials. (A stem cell is defined as a cell having the property of
both identical renewal without limit and being the original cell of many
differentiated cells capable of forming the structure and supporting the functions of
the different tissues of the organism.) These cells are capable of forming the
structure and supporting the functions of the various tissues of the organism. The
supply of these differentiated cells in vivo or in vitro (oriented towards the reform of
a specific organ) should enable the repair of a damaged organ.

Furthermore, according to Chneiweiss [CHN 12], several conditions should be
satisfied:

— the cells should be sufficiently differentiated to specifically fulfill the required
function;

—they should be able to survive so as to occupy the space provided by 3D
printing and stay alive to fulfill the organ’s function;

—they should remain in the desired state. There are a number of issues to
consider. Is the mechanism which served to orientate them stable? Are there
possible bifurcations? A further factor to consider is whether there are escape risks;

— they should be capable of establishing the necessary functional contacts with
their environment. This includes restoration of the function of the cellular network.

There is, despite the reserves or constraints to be controlled, an emerging
situation that is particularly “exciting”. It is a genuine scientific and applicable
challenge, which concerns the production of objects either in terms of living matter
or by way of support for miscellaneous repairs. Behind the concept of bio-printing is
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the hidden idea of being able to model living systems by thinking that it will be
possible to overlook the huge incompleteness of our knowledge of the world. The
printing of living elements of all kinds falls within a traditional technique of additive
manufacturing applied to living matter as will be described. However, as we will
discover, it is not largely technology which is problematic; it is its use with living
cells which examines the complexity of nature’s phenomena.

2.2. Tissue complexity

For Pascal Sommer [SOM 16], there is a very large diversity within tissues to be
regenerated, not least the biomechanic aspect (see Figure 2.3). The dynamics of
elastic moduli is only an apparent complexity relative to the structure of tissues, as
shown in Figure 2.4. In his conference, attended by biomechanical researchers,
Pascal Sommer underlines the significant characteristics which a tissue must possess
and which it is necessary to take account of in bio-printing. Figure 2.5, taken from
the same source, highlights these specific elements. To these elements, Jeronimidis
[JER 14] added elements of scale of which it is probably necessary to take account
of. This is unless nature itself corrects the imperfections linked to the given process.
Figure 2.6 characterizes these problems in the typical case of tendons.
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Figure 2.3. Biomechanics of tissues
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Figure 2.4. Complex tissue structures. For a color version

of the figure, see www.iste.co.uk/andre/printing3.zip
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An initial question, at this stage, is whether this cellular abundance must be
introduced into the construction of a given tissue by bio-printing (which appears, at
the very least, a delicate issue). Alternatively, if we are “satisfied” with a reduced
batch of cell species which will have the “mission” of proliferating and subsequently
differentiating, to reach the researcher’s anticipated objective. This initial comment
is obviously one of the constraints to break through to advance in this sphere.
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Figure 2.6. Elements of scale to
consider (the example of the tendon)

“An organ is a distinct anatomical element made up of cells and tissues competing to
achieve a given physiological function. This involves, for example, the heart, the kidneys, the
pancreas, the liver, the lungs or even the intestine. A tissue is a group of cells with a similar
structure specialized in the same function. It may, for example, involve the corneas, bones,
elements of the musculoskeletal system, cardiac valves, vessels — arteries and veins, skin or
even endocrine tissues” [ANS 16].

Stem cells remain able to divide during their existence by maintaining the process of cell
renewal. According to [IHE 15], stem cell division leads to the production of another stem
cell (a reserve cell) and a cell that will engage in a differentiation process for a specific
purpose. A human being may have approximately 200 different types of differentiated cells.
These different processes are shown in Figure 2.7.
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Figure 2.7. Stem cells and cellular differentiation (hierarchy). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

According to this same source, there may be several types of stem cells, some of which
are shown in the figure, depending on the diversity of the cells to which they can give rise.
There are cells which are:

— unipotent, which only produce a single type of differentiated cells;

— multipotent, which only produce a limited number of cell types (typically, blood cells
and blood platelets);

— pluripotent or embryonic stem cells, which lead to practically all types of cells;

— totipotent cells, which are able to produce an individual (the fertilized egg and the eight
initial cells derived from it).

Moreover, Bourc’his [BOU 15] underlined that epigenetic alterations (referencing “the
branch of biology which studies cause-and-effect relationships between genes and their given
products and making phenotypes appear”) “are induced by the environment in the broad
sense: the cell continuously receives all types of signals informing it of its environment, so
that it specializes in the course of development, or adjusts its activity to the given situation.
These signals, including those linked to our behaviors, can lead to alterations in the
expression of our genes, without modifying their sequence. The phenomenon may be
transitory; however, there are perennial epigenetic changes which persist when the signal
which induced them disappears”.
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Epigenetic marks, although they are reversible, are transmittable in the course of cell
divisions. This phenomenon is particularly significant during embryonic development, which
does not affect the concept of bio-printing. At the beginning of the process within the embryo,
all the cells are identical. They will quickly receive highly orchestrated signals which lead
them to activate or disable certain genes to distinguish them by a particular cell line and
construct the given organism. Epigenetic marks, which are then put in place, should be
transmitted during cell division, so that a liver cell remains a liver cell and a bone cell remains
a bone cell. The comments set out above find an explanation here and pose the question of
how to “manipulate” stem cells by mechanical means, spatial, biological and physicochemical
distribution. This is with a view to reaching the desired objective.

Box 2.1. Stem cells

So as to achieve methodical printing of cells, the latter are prepared using
a procedure involving the same principle as appears in Figure 2.2 (see also
[ATE 16]). This is already a complex stage of preparation/purification which may
leave cells in a state of being able to develop in the subsequent bio-printing
procedure.

The ultimate level targets the use of non-differentiated stem cells. The conditions
into which they will be placed lead to their cell future. The principle of the idea is
therefore simple. It is implanting cells on a 3D support, which will dissolve in time.
During such time, stem cells may develop within the sought-after aim, that of an
organ reconstruction or, indeed (why not?) improving human performance.
However, there are numerous limitations both technological (discussed below) and
scientific, including the heterogeneity of tissues (angiogenesis, vessels, nerves, etc.),
changes in scale (from cell to human compartments), various compatibilities,
regulation, ethics, medical training, etc. However, scientific and medical advances
emerge, such as the recently published work on nerve repair by Johnson et al.
[JOH 15]. During the same period, Takasato et al. [TAK 15], in association with
Organovo, one of the bio-printing start-ups, are thought to have produced liver cell
growth (see also [MIL 16]). However, according to Petch [PET 16], these are for
now only modest-sized cell clusters used for various tests, including toxicology or
cosmetology studies. Similarly, Mota et al. [MOT 15] developed eardrum supports.
Progress and breakthroughs (certainly, as yet, subject to confirmation) may thus
exist in respect of this aspect.
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From a technological point of view, the “simple” cell deposition does not enable
their survival, owing to a lack of nutrient flow and an insufficient oxygen supply. A
second question then emerges, linked to the presence of scaffolds upon which cells
will be deposited. This is a question which, for an acceptable response, necessitates the
“right” choice of materials and an adapted design. This ensures that deposited cells
develop. Dependent upon the given situations, the range of responses may vary.

Thus, in 2016, Kang et al. could in fact have provided, in mice, the proof of
concept for replacement tissue printed in 3D, with major potential benefits. Thus,
this may eventually be able to replace damaged tissues for injured or ill patients.
Produced by additive manufacturing, the structures shown are described by the
authors as functional, since when implanted among animals, they become integrated
and “connect” to healthy tissues by means of angiogenesis. In addition, these initial
results indicate that the structures combine size, resistance and functionality for use
by humans. The major challenge of tissue engineering is ensuring that the implanted
structures “live” long enough to become well integrated into the patient’s body. We
should be able to exceed the time taken to produce a reputed scientific publication.
To illustrate the problems of engineering, “cell” gel was optimized in a way which
favors cell growth, nutriment and oxygen circulation within structures during
angiogenesis, and until their full integration within surrounding tissues. According
to [SAN 16]:

“— Researchers are succeeding in implanting an ear structure and
obtaining signs of vascularization one to two months after the
transplant has taken place;

— Printed muscle tissue implanted in a rat becomes a sufficiently solid
muscle, at two weeks, to both assume its function and show a level of
vascularization, enabling the nerve formation to be induced”.

In principle, the Integrated Tissue-Organ Printing System is produced from a
scaffold — a solid structure — and from the deposition of living cells incorporated in
hydrogels (see above). After maturation, the organ is implanted and its support
structure progressively decomposes, so that the organ takes its position and becomes
vascularized (angiogenesis). So as to improve vascularization, it may be envisaged
in the design of bio-printed tissue to include microchannels in the structure. This
enables the inflow of nutriments and oxygen, and the elimination of waste.
Marchand [MAR 16] resumes the ideas of SantéLog [SAN 16], and implantation
tests are occurring through trials on mice and rats. “The structures have lived up to
expectations. Two months later, ears implanted in mice kept their shape and a
cartilaginous tissue had formed. Two weeks later muscle tissue implanted in a rat
was sufficiently developed to enable the creation of nerves. Lastly, bones printed by
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using human stem cells and implanted in the rat were vascularized at the end of five
months”. Hope therefore exists for the process - but with reservations [THO 16].

In this media (and scientific) war for the sensational, linked to the appeal of a
process which is particularly promising, Renouard [REN 15] instanced the BioBot
“hook” which 3D printing, able to create living tissues, conceives (see also
[ZAL 15]). For the record, according to this author, BioBots displayed to the public,
a reproduction of Van Gogh’s cut-off ear “under the eyes of an amazed audience”.
Renouard [REN 15] wrote: “Dan Cabrera, the CEO of the company, asserted that his
method enabled the creation to be differentiated from his competitors. This is
because it also offers 3D printers capable of creating life. Indeed, the latter have
recourse to UV rays or a pressurization process to solidify matter. These are two
techniques which, Cabrera says, are likely to damage living cells”. Among
competitor companies, we include the Canadian company, Aspect Biosystems
[ASP 15], the Swedish company Cellink [CEL 15], Aspect and Organovo (Molitch-
Hou [MOL 15b], and even the Japanese company Cyfuse [CYF 15] and others).

In the same vein, according to [RBT 15], in March 2015, the Russian laboratory
“Bio-printing Solutions” may have been successful in printing a thyroid gland on a
bio-printer. Now, researchers anticipate implanting the printed gland in mice, then
proceeding to the printing of a human thyroid. The printed construction will, first, be
implanted by researchers into mice, using a procedure similar to that of standard
organ transplant. On October 31st 2015, RBTH [RBT 15a] announced that a thyroid
gland had been implanted successfully using a 3D printer. This was according to the
Development Director of the Russian laboratory “Bio-printing Solutions”, Dimtri
Fadine. The company indicated that it would publish the results of its research
during the following week. We are now in 2017. To paraphrase Chneiweiss
[CHN 12], can we not think that some people function in the manner of magicians
who are focusing attention on the one hand while making an object disappear on the
other? A picture and information can be meaningful to the avid public, regarding
results which are likely to improve their health. However, nobody thinks that the
lack of finance is, in fact, the cause of this.

To hammer the point home, in 2011, during a prestigious TED conference
(Technology, Entertainment and Design), Professor Atala announced being able to
produce a human kidney using a 3D printer. “But crash! The famous human kidney
turned out not to be such an organ. There was nothing functional about it and it was
absolutely not able to be implanted for transplant purposes. Faced with media
uproar, the Wake Forest Institute had to publish a communiqué stating that the ideas
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of its star surgeon had been misunderstood. It was a question of ‘prototype’ non-
functional ‘kidney structures’ and ‘years of clinical use’” [SCI 14].

In agreement with Doray [DOR 15], it was indeed a question of creating a
positive collective psyche to enable us to fix the design of the artifact for a given
functionality. From a rhetorical point of view, it is not necessary to force problems
to emerge so as to lead to a given consensus; the former relies upon the context of
social appeal which, by a kind of inversion phenomenon, is responsible for a
technological production request. Then scientists, with their ability to imagine the
future such as they consider it to be, can come out of their role by trying to enslave
consciences and, as a result, mixing the exploration of nature and the research for
forms of appeal for given applications that they promise (and perhaps funding and
honors which accompany it). Thus, according to Mironov, an infrastructure for
printed organ transplants may be created in Russia. “However, it requires
government spheres and private investors to work together. This will necessitate
investments of the order of several million US dollars, but in the long term will
enable a health system to save money on care delivered”. We must wait another
week. However, another article [LEO 15] stated that the promised liver transplant
will only be operational in 2018. Without doubt, we have to wait a little while.

The BioBots project targets facilitating medical research to test medicines on
biotissues in laboratory conditions. This is carried out free from the need to use
animals, with the possibility of achieving personalized tests corresponding to the
needs of individuals. Dan Cabrera, during his presentation to TechCrunch Disrupt in
New York, asserted that “The patient will go to the clinic, we will take a cell
specimen and create 3D tissues specifically for him, before testing different
treatments, various medical prescriptions and customized therapy for the given
illness from which he is suffering”. “Nowadays, we classify illnesses by categories
and give them names, but the same illness differs completely from one individual to
another, so that how we test medicines, which consists of the development of a
single remedy for millions of people using an expensive battery of laboratory tests,
is in some way outdated. Nowadays, we can use this technology to create a medicine
adapted to each individual”. Although for the moment, according to [REN 15], the
BioBots printer does not enable us to produce complex body parts, such as organs, it
is not impossible that this might be possible in the future, opening up “brighter”
prospects for individuals expecting a liver or kidney (see the video of [BHA 13]; see
also [ONE 15]).
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In these circumstances, bio-printing rests upon the liberal promotion of a new
conception of health and well-being (which will be evoked further around ethical
aspects connected to this technology). This is focused around promising commercial
innovations which will be able to act extensively on fundamental biological
processes (ranging from repair to improvement of human performance). In these
conditions, there are strong risks of interference between speculation and actual
scientific possibilities [NOU 15]. Moreover, for Lipson and Kurman [LIP 14], until
the present time, nature has continued to outperform human beings and/or the
computer in terms of choosing and having available the various stem cells in an
optimal way. However, significant work has been developed. A form of
“democratization” is operated by the use of standard machines adapted to
bio-printing, accessible within a number of Fab Labs [MOL 15¢e], and competitive
start-ups are being created.

These start-ups (for that of Organovo, see [GRA 12, REN 15]) fall within a long-
term strategy which is “simply” aiming to create tailor-made organs. Certainly, we
are not there yet, but there is a clear forecast for the future, supported by the public
which is highly interested in access to specific care, indeed maybe in possibilities of
“improving” human performance. As the public, we await the launch of new
products, services or systems which satisfy the intensification of our request for
“well-being”, for which we will accept the need to pay a certain price (due to the
notion of product appeal) and not simply the lowest price or product which is
quicker to produce, so as to access interesting niches economically. This is
especially the case with our health. We must remember, according to [NOW 03],
“the domination of science and technology is...double-sided: this is by the
production of ‘actual’ results and by the creation of insatiable mirages. However the
mechanisms which provoke these desires, controlling access to their endless means
of satisfaction and regulating their dissemination, come from the social universe.”

2.3. Bio-printing technologies

The living printing components of any nature fall within a standard technology
set in additive manufacturing. From an experimental point of view, we may put cell
components in position by making a given hypothesis, such as in the case of an
injury which heals itself, that nature is well-made and that bio-printed tissue has a
form of determinism enabling it to achieve the desired repair (within a shorter time
basis than if we had simply let nature take its course, so as to achieve an interesting
result). We are within a form of “medical art” with a certain know-how that the
practitioner should acquire. The other option is to try to understand the intimate
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mechanisms involved within the “building blocks” for medical purposes to
improve/enable a given repair. Within current bio-printing works (which are still
limited in number), we try to show that it is possible to find favorable trends despite
tissue complexity, leaving you to think (but yet to be confirmed) that the presence of
the “correct” cells may be responsible for the “correct” repair using this process of
biomanufacturing. Indeed, everyone knows the ability that lizards have to grow back
their tails, newts their limbs and other examples, thanks to their totipotent stem cells.
However, nature offers far fewer possibilities of this type to higher vertebrates
which fall into the category of “mammals” [KAH 05]. The question posed here is
simply to know whether there is a cursor and to master its location so that a tissue is
able to be manufactured and corresponds to what we expect of it. It is at this price
that bio-printing may compete with other emerging technologies, namely,
regenerative medicine and synthetic biology or, put more simply, nature. Authors
illustrating this principle are Hutmacher et al. [HUT 15], Mitchell [MIT 16], Fang
et al. [FAN 14], Guven et al. [GUV 15], Mahla [MAH 16], Stace et al. [STA 16],
Park et al. [PAR 15], Ozbolat, Peng and Ozbolat [OZB 16], Lei and Wang [LEI 16],
Jana and Lerman, [JAN 15], Ocampo et al. [OCA 16] and The Grail Project
[THE 17] and numerous others.

Shapin and Scaffer [SHA 85] proposed talking in terms of material technologies,
producing evidence which will make legitimate the pursuit of research works. This
is because it is a question of findings which becomes integrated into a regime
controlled by validating knowledge through scientific publications. Pestre [PES 95]
said that “These means of validation of experiences, these methods to demonstrate,
resulting from a given transaction between knowledge and ability, a transaction
organized around an experimental carefully prepared presentation. [The researcher]
provides a new phenomenon for practitioners who are responsible for adding the
truth element derived from their status, and who receive, in exchange, a new
legitimacy”. These conditions are close to how the author understands the situation,
which is fairly remote from his cultural and scientific bases. However, this is what is
necessary in every way so as to go through the process of admitting defeat with
given proofs of concept, which one (or more) of the technologies imposes, so as to
obtain them, before we can introduce any debate.

The general concept of bio-printing is shown in Figure 2.8. Placing the “correct”
cells, on the “correct” scaffold so that a living tissue is able to develop [MEL 12,
AND 17]. In the name of bio-printing, researchers make every effort to construct in
the most intelligent way possible “blocks of living cells” and complex voxels. These
are simultaneously highly simplified and able to be checked. It may then suffice to
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“stack” these, so as to obtain viable tissues responding to an operating specification.
Indeed, why this should not be done for more competitive human beings? In
Figure 2.9, which comes from the spirit of the same origin, cell development
becomes operationalized around a flow of matter and energy.
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Figure 2.8. Association between support and deposition of cells in bio-printing.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 2.9. Principle of bio-printing with time changes for printed
living materials [AND 17a]. For a color version of the figure,
see www.iste.co.uk/andre/printing3.zip

Although numerous biological aspects are yet to be considered in the sphere
[INS 15, ALL 15], several technologies are developing, relying upon long-standing
principles in additive manufacturing [GUE 17, NIC 17, POR 17, NAK 13, CHA 11,
BRU 16, DES 16]. According to [MEL 12], the technological principle may consist,
for example, of a multi-tank system. This enables sequential production of objects
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which will enable the cell reculture or several cell types (see Figure 2.10 inspired by
Sher, [SHE 15a, SHE 14]). To take account of tissue irrigation, it is possible to
exploit a realization principle using two materials, one of which should enable the
irrigation of living tissues (the problems associated with angiogenesis already
mentioned are critical elements to consider, hence this process complexity). Other
processes demonstrate a system that involves complex irradiation enabling
production of a polymeric support and small-sized wells (< 10 um) to imprison
encapsulated cells in a hydrogel support then enabling the precise study of the
means of their inter-cellular communications [LIN 13]. As was shown for inanimate
matter in Volume 1, there are always many different solutions.
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Figure 2.10. Heterogeneous bio-printing enabling the target of biological properties
with different compatibilities (in the top figure, inspired by SmallLab [SMA 15], cells
are aerosolized and projected onto the surface coverage area in the process. In the
bottom figure, an example, according to [HE 09, BAJ 14], of immobilization of living
cells within a microcapsule is shown). For a color version of the figure, see
www.iste.co.uk/andre/printing3.zip

The approach consists of varied scales in substituting a given system, in
particular a living system, with a different environment. This reveals “the right
amount” of analogies with the first, to be able to infer credible and repeatable
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conclusions, because they are more reduced and therefore, in principle, easier to
study (and to physically produce). However, using comprehensive approaches (on
small-sized voxels), global methods of system analysis attempt to give rise to
“black-box” modeling that neglects at least part of the components from which the
voxels are made. It does so by only retaining the main parameters of which we
consider sufficient to define the studied system. “The systematic modeling bases its
originality upon its ability to respect this dialectic, which constitutes all complexity.
This involves becoming by functioning and functioning by becoming, by
maintaining one’s identity” [LE 06]. Yet, it is important to remember that we are
always working on an incomplete body of knowledge of which the degree of
generalization, at both larger and smaller scales, should be questioned. However, the
idea is to study control parameters (temperature, diverse flows of matter and forms
of energy, heterogeneousness and other factors) to attempt to examine the existence
of attractors and their distortion. These are technical constraint elements which
should be taken into account in bio-printing machinery. Ultimately, it will be
possible to find an applicable approach if when these developments take place, the
number of so-called “basins of attraction” and their given qualities are undisturbed.
It is owing to bio-printing technologies that it should be possible to engage the
debate of modeling the phenomena in question within this stimulated biological
construction (see Chapter 5).

The production of 3D “customized” heterogeneous systems may be effectively a
means of approaching (somewhat) reality in that it allows a certain element of
complexity in principle increased (insofar as we have a view of reality and due to a
fairly robust modeling base) to effect experiments which effectively strengthen the
argument in favor of the given concept or which contradict it [LAU 13, SEV 05]. A
scientific approach should enable us to know whether we can reach a certain degree
of predictability. It is then indeed having the study tools to validate a conceptual
framework that enables us to envisage a solution that satisfies a biological issue,
especially if it should, one day, be applied to man.

2.3.1. Cell preparation

The general principle of skin bio-printing is shown in Figure 2.11 ([NG 16], see
also [MAN 16]). The cells are extracted from the patient through a biopsy, then
grow before producing a bio-printed object, which can be transplanted at a later
stage. It is normally applied to other tissues.
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Figure 2.11. Principle of bio-printing (applied to the skin). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

To achieve the objective of bio-printing, cells can, first, be prepared using the
process in Figure 2.12 [ATE 16, GUE 17]. This is already a complex stage of
preparation/purification which may leave cells in a state in which they are able to
develop within the subsequent bio-printing procedure. Various biological techniques
exist to initiate this development (see [VAN 15, ABB 15]). Now, the scientists are
not only capable of extracting stem cells, but have learned to multiply them in
laboratory conditions and to orientate their differentiation, while increasingly
controlling their risk of proliferation. Consequently, it is becoming possible to use
the potential regenerator of these stem cells to attempt to treat numerous illnesses,
and especially to use them for research into bio-printing.

) J\ - .
i I q Biopsy |
J
e q Cell isolation
b ] q Cell culture
\{3D culture scaffold

Development of in
vitro tissue models

Figure 2.12. Steps for preparing cell samples by seeding
three-dimensional structures as a culture medium. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip
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In a review paper, Morimoto and Takeuchi [MOR 13] provided some additional
elements to the concept of bio-printing (see Figure 2.13). The cells are integrated
within an environment made up of collagen and are placed in a culture to increase in
number. Biovoxels are assembled using 3D printing. Cells are fed from the
percolation of nutriments to enable the creation of a complex structure.

Monoculture ‘ ‘Co-culture ‘
Sphere of collagen
| Cells & e S°% o0 ..
\ ) e oo 0% e
\ [ ] @ 3 ®
) @
L ] @ < ®

®
%. ‘
_ ®e0® ®eoe
Molding/shaping Tissue construction Elimination of scaffold

U ‘ Cell structure

Transfer of nutriments and oxygen | Adhesion of spheres and cell growth

Figure 2.13. Process of cell growth proposed by Morimoto
and Takeuchi [MOR 13]. For a color version of the figure, see
www.iste.co.uk/andre/printing3.zip

With systems of this type, there is the possibility of constructing heterogeneous
environments based upon a deposition stemming from the use of several printing
heads. This enables the constitution of an extracellular matrix based upon hydrogels,
cells and sacrificial materials, so as to produce hollow structures (microchannels by
the process of dissolution). This mechanism enables the production of artificial
tissues having vascularized structures, for which we may imagine possible
applications (angiogenesis, healing, scattering of cells and other similar related
aspects; Kolesky er al. [KOL 14], Kang er al. [KAN 16]). The recent example of
Itoh et al.’s publication [ITO 15] concerning the creation of a bio-printed artificial
aorta implanted within the rat is on this point highly interesting.

2.3.2. Generic bio-printing technologies

Figure 2.14 represents a sequential manufacturing principle of the type used in
bio-printing research [SHE 15, LIN 13, GUD 16, SUN 16, WAN 14, LAN 10,
MAU 17]. In such research, we seek to integrate within the same object a given
support (scaffold) which is biocompatible with biovoxels made up of biological
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reception environments, containing cells or droplets. Two schools of thought exist,
the first of which links in one stage living and inanimate materials in a single stage,
or in a sequential manner one after another.
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Figure 2.14. Sequential process by Wang et al. [WAN 14]. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

COMMENT.— In the recent work published by Bartolo [BAR 11], several chapters
deal with the theme of bio-printing, either in terms of processes or concerning actual
materials. The reader interested in the sphere can consult the articles by Bertsch and
Renaud (micro-stereolithography), Stampfl and Liska (hydrogels), Ovsianikov,
Farsari and Chichkov (biphotonics), and Arcaute, Mann and Wicker (hydrogels for
bio-printing).

2.3.2.1. Digitalization of the scaffold

On this basis, Khoda, Ozbolat and Koc [KHO 13] proposed a specific algorithm
that enables the creation of porosities within a support produced by the additive
manufacturing (see Figure 2.15 and also Bikas, Stavropoulos and Chryssolouris,
[BIK 16], Schwalbe, [SCH 16]). For a given layer to design the shape of the surface
to print, it is necessary to also envisage heterogeneous deposits (or densities of
heterogeneous deposits) to leave room for porosities necessary for cell development.

In this article, the emphasis is placed upon the software aspects of energy
displacing to potentially enable the provision of nutriments and the elimination of
waste, in the presence of a cell population. Nevertheless, if there is a meaningful
approach, the inverse problem is not subject to processing (starting which what is
finally expected, i.e. how bio-printing is conceived). To achieve this objective, the
authors rely upon a general flow chart shown in Figure 2.16 [KHO 13, GUE 17].
This particular work pursues the same sphere goal with new targets, such as the
aorta [KUC 15].
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porosity with cross-
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Figure 2.15. Programming so as to produce a layer by creating porosities.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 2.16. General flow chart for the production of a porous support system

2.3.2.2. Processes

If we produce a bio-printed object within a very short time, several initial
conditions are yet to be defined, within each given discipline and technology. It is a
matter of qualifying the 3D processes relative to the use of living cells and the
choice of design to produce the composite object. Also relevant is the process of
energy and matter transport, selecting the “correct cells” and other factors. It
involves, and this is clearly the case, a precondition before embarking upon the
systematic modeling approach. Figure 2.17 runs through the stages envisaged in bio-
printing manufacture.
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Figure 2.17. Bio-printing flow chart

Within the process of modeling envisaged, the main issue should be to focus on
the cell development of the given bio-construction. Factors for consideration are
growth, functional diversification, disappearance (or not) of given scaffolds and
other aspects.

Although the manufacturing time of the bio-object is not negligible ahead of the
duration of the biological processes, the history imposed on the initial layers will
shape the future of the most recent layers. We should speak of convolution as if it
were a matter of linear processes. Taking account of the difficulty of the subject, this
hypothesis will not be, as a first step, retained. However, we should keep it in mind.

In practice, the manufacture of a biological tissue by bio-printing is carried out in
the following way. The initial stage consists, as has been set out, in designing
through CAD, the architecture of the biological tissue. It is then a question of
programming the printing parameters of “bioinks” containing cells and other matter.
The “biological tissues” are then printed layer-by-layer with the robots which
reproduce designs designed by computer by depositing, for example, micro-droplets
of biological inks (see, for example, [SCH 11, STR 09]). The last stage is based
upon the maturing of the printed tissue in the bioreactor. This is a mechanism in
which we multiply micro-organisms [GUI 14, GUI 10a, GUI 10b, OZB 13]. This
stage enables cells to self-organize until the sought specific biological functions
emerge. Several standard published techniques exist. They are summarized in
Figure 2.18 [MUR 14]. Figure 2.19 shows how the deposition of cells happens by
using the laser process.
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a Ink injection b Micro-extrusion Cc Laser assistance
Thermic Piezoelectric Pneumatic, Piston, Screw Energy “Provider”
absorbing support
{1« 1 layer TLaser pulse

Heating
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Vapor bubble actuator

Figure 2.18. Processes to produce bio-printing depositions (with the
kind permission of Professor Atala). For a color version of the
figure, see www.iste.co.uk/andre/printing3.zip

Figure 2.19. Cell-by-cell depositions with a laser
assistance process (image kindly supplied by Poietis)

Using the laser system defined in sub-figure C, we eject micro-volumes of liquid
which will be deposited on the surface [FER 10, RU 14]. The last of these articles
defines the performance of the various techniques used in this sub-sphere. This is a
biological use of the LIFT process (which stands for laser-induced forward transfer).
This process has already been described in Chapter 1. Other additional principles are
used (see, for example, injection-droplet ink printing according to [XU 13,
XU 13a]; see also [SHU 10, OZB 13]). The sophistications shown in Figure 2.20 are
proposed with hollow supports. These enable the entry of nutriments and oxygen to
the vicinity of cells deposited on these supports (see also [OZB 16, SKA 15]).
However, nothing is said about the hydrodynamic performances of such irrigation

systems or their future application.
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Figure 2.20. Example of complex production linking cell deposition,
the scaffold and the transfer of matter and energy. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

Note that the issue of vascularization should be resolved for cell survival.
Another additional means was developed from a p-fluidic network [HAR 16] in
which vascularized tissues are printed. This is done by simultaneously creating
circuits to transport fluid which provide necessary matter flows. The simultaneous
production of tissue with a system providing nutriments (creating a percolating
environment) is carried out using materials which change state (the transition from a
“solid” structure to a “fluid” with the temperature change). As indicated, to lay
stress on this point, in Figure 2.21 [GUE 17], non-irrigated 3D tissues deteriorate
rapidly as soon as transport mechanisms at distances of several hundreds of um
either no longer play a part in the process or, indeed, such mechanisms never have a
role at all within it [KOL 14].

a) b)

Figure 2.21. The need to enable the transfer of nutriments to printed cells: a) 2D;
b) “Actual” situation with 3D transport; c) desired situation in bio-printing.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Table 2.1, extracted from Zhou [ZHO 16], provides comparative elements
between the three techniques of bio-printing, summarized in Figure 2.18.

Specification Bioink jet Microextrusion Laser deposition

Approximate Average (50 um) 5 um 1 pm

resolution

Size of voxels 50-300 pm 100-1000 ym > 20 um

Print speed 1-10,000 1-50 um.s™ 200-1,600 mm.s™

drops/second

Materials Liquids, hydrogels Hydrogels, cells Cells in reactive fluid

Viscosity 3.5-12 mPas.s™ 30-6.10"mPas.s™! 1-300 mPas.s™

Cell density < 10° cells.cm™ High, cells in the Average 108 cells.cm™
given fluid

Use of various cell Yes Yes Yes

types

Preparation time Short Average to short Long

Mechanical integrity Low High Low

Manufacturing time Long Average to long Short

Cell viability High (> 85%) Average (40 to 80%) | High (95%)

Flow High Average Average to Low

Possibility of printing a | Low Average High

single cell at a time

Speed of conversion to | High Average High

freezing point

Price of printer Low Average High

Commercial Yes Yes Yes

availability

Advantages Affordable, versatile | Multiple compositions, | Good resolution,
suitable mechanical possible mono-cellular
properties deposition, high-

viscosity material
Disadvantages Low viscosity, Cutting in the vicinity | So-called “hostile”

average cohesion

of the injector, modest
precision

procedure for cells,
poor scalability, low
viscosity in 3D
construction

Table 2.1. Comparison between bio-printing techniques
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Table 2.2, from the work of Ozbolat and Hospodiuk [OZB 16], shows the
various methods of extrusion used, with targets in terms of tissues. This synthetic
presentation illustrates the large wealth of the sphere in terms of production.
Table 2.3 partly completes it. The table concerns the uses of bio-printing in cancer
studies [KNO 15].

Technology Applications

Pneumatic Skin, p-fluidic ducts, vascular networks, liver and heart cells,
microextrusion (one or adipose tissue, bone, cartilage, keratinocytes, muscles, scaffolds
more nozzles)

Mechanical Scaffolds, bone, liver, vascularization, cartilage defects and
microextrusion bones defects, encapsulated proteins, cartilage, cancer studies
Pneumatic and Vascularized tissues, bones regenerated in situ, skin

mechanical coupling

Table 2.2. Application of extrusion systems to bio-printing (BP)

Relative to the standard techniques of additive manufacturing, the printing of
biological components adds very significant levels of complexity to processes. This
is because it is necessary to know where to locate the relevant material before
“intelligently” structuring either living material or non-living material, imitating the
extracellular matrix. In addition, it is important to control spatial distributions of
different types of cells or biomolecules which may play a role in cell differentiation,
growth or apoptosis and other factors. By way of example, in a recent article,
Munjai et al. [MUN 15] showed the influence of the cellular environment on the
behavior of this entity in terms of growth, differentiation and other factors. It is
therefore a question of making available to biologists processes enabling the deposit
of cell suspensions, aqueous solutions or hydrogels, by limiting the different stresses
that cells can be subject to through additive manufacturing processes. Skardal and
Atala [SKA 15] gave an example. These authors, so as to take account of the stress
induced, use a method to include living cells in a biocompatible support material.
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Performance BP by microextrusion | Laser-assisted BP Ink-projection BP
Flow Average Low to average High
Droplet size From 5 ym to mm Higher than 20 um | [S0-300 pm]
Spatial resolution Average Can be good Average
Encapsulation of a | Average Can be good Poor
single cell
Cell viability 40-80% > 95% > 85%
Cell density High Average 108 Low, < 10° cells/cm?
cells/cm®
Hydrogel viscosity | From 30 mPas.s to 1-300 mPas.s < 10 mPas.s
600 KPas.s
Cross-linking Chemical, ionic, Tonic Enzymatic, ionic,
enzymatic, photochemical,
photochemical, thermic
thinning by shear
stress, pH, thermic
Speed of gel Average High High
production
Speed of High Low Average
manufacture
Price of bio-printer | Average High Modest

Table 2.3. Comparisons of the various bio-printing techniques

applied to research on cancer (from [KNO 15])

Poietis [POI 15] stated that laser-assisted bio-printing is the technology offering
the highest resolution (< 20 um). It enables cell-by-cell printing for the following
mechanism. As with the LIFT process, the focus of a laser pulse on a cartridge
(made up of an ink film spread over a glass plate) causes the formation of an ink jet.
This is directed towards a substrate on which cell microdroplets are collected
[NGU 15]. By controlling the physical conditions of the ejection (for example,
energy, viscosity and other factors), the volume of droplets is precisely controlled
(to the picoliter scale). Cell patterns are obtained by a rapid scan of the cartridge,
using the laser that causes the formation of 10,000 droplets per second. This high-
resolution process corresponds to a transfer to the living cells, known as LIFT
reiterated in Chapter 1 of this volume, and in Volume 2 [AND 17c].
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Inkjet printing enables the use of drops (from 1 to 10,000 per second) with
controlled volumes included between 1 picoliter and a few hundred picoliters,
having a resolution of the order of 50 um. However, it is necessary to work with
liquid cell supports, which have a weak cell density. It is somewhat appropriate to
use microextrusion processes for high-viscosity hydrogels [MUR 14, HRI 14]. The
materials should be adapted to cell culture and the physiological environment, while
preserving the practicality of “printed” biological materials. This constraint leads to
generating 3D matrices with acknowledged cell populations having an environment
that is equally controlled, so as to reach the same biological objective than if we
were working with a given natural environment.

By way of example, Ng er al. [NG 16] proposed, for skin bio-printing, the
following distribution, using different 3D technologies shown in Figure 2.22 with
variable performance. This falls within a form of knowledge, which is even more
empirical. It is, however, constructed within the operation of the overall printing
process (the “trial-and-error” approach).

Bio-printed layer ‘

1 mm

A B C D E

Figure 2.22. Various technologies for 3D printing of the skin (BP) and their
distributions (the darker shades being the epidermal region with keratinocytes, and
the clearer shades with fibroblasts; A: BP with microvalve and pre-cross-linking with
sodium hydroxide; B: BP laser; C: BP with microvalves; D: BP with microvalves; E:
BP with microvalves; A: pre-cross-linking with thrombin during printing; C, D, E: pre-
cross-linking with sodium bicarbonate during printing). For a color version of the
figure, see www.iste.co.uk/andre/printing3.zip

Nevertheless, the precision of heterogeneous depositions distributed as desired
across the area, bio-printing is a promising mechanism in the medical sphere, not
only because it is possible to produce supports whether or not they are not
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absorbable [GUO 14, FAH 14, SKO 14], but also for other purposes. It can be used
to regenerate tissues and blood vessels to repair nerves [JOH 15] among other
things. This research approach, which often involves emissions of droplets
containing living cells, is delicate to the extent that they undergo intense constraints,
particularly mechanical ones [VIS 14]. It is very important for the future and given
the openings around biorobotics [CVE 14]. While being similarly aligned in its
concepts, bio-printing is increasingly thus moving away from the “usual” uses for
additive manufacturing.

2.3.2.3. Commercial options

In a recent publication, Sher [SHE 15g] set out the various commercial options
in bio-printing (see also [HYR 16, OUR 16]). This latter company is offering a
machine for sale, which has 10 printheads, at a price smaller than €12,500. The
machine is likely to be used both for biocompatible materials and living systems.
The processes correspond to various proposals, many of which use extrusions via
syringes or by injectors (see [QUI 15] relating to the optimization of injectors used
in bio-printing). These are machines closely aligned to those used in 3D printing
with a certain number of constraints linked to the nature of the matter used (see
Table 2.4 from Collins’s publication [COL 14] and also Rimann et al. [RIM 16]).
Their principle rests upon the bases referred to in Figure 2.21 (see also [KOS 16]).

Bio-printing Additive manufacturing
High temperatures No OK
Low temperatures It depends OK
High/low pressure It depends OK
Degree of humidification Necessary Not applicable
Sterility Necessary Not applicable
Cross-contamination It depends upon the Yes with multi-materials
application
High intensity rays (UV for Precautions to take, checks Not normally
example) necessary

Table 2.4. Specific constraints linked to bio-printing
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2.3.3. Materials

2.3.3.1. Biocompatible materials

Billiet et al. [BIL 12] stressed in Figure 2.23 the properties that a “correct”
support material for bio-printing should have. These data are significant and should
be taken into consideration in works on biomanufacturing from living cells.
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ANy " Design, Materials,
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/. T surface and / ..
Biofactors deliveryl:} N structure // " Sterilization ‘

d . .
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Figure 2.23. Criteria to satisfy for the choice of material supports

Chua and Yeong [CHU 15] produced an exhaustive study of the materials used
in bio-printing with more than 120 references quoted (see also in addition
[TUR 15, CHA 16, JEU 16, RAT 17, JAK 16, IRV 16]). This comment does not
represent a translation of this work, but it is simply a synthetic analysis of the
characteristics for unsustainable materials required to produce 3D structures.
Table 2.5 resumes the qualities necessary for a given material to be used in bio-
printing.
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Property Comments

Shaping The nature of the material has a clear role to play around the given
choice of process

Presence of water The presence of water is necessary for cell development; however,
this is up to a certain point [HOF 02]

Biocompatibility The function of the specific application sought

Mechanical properties | Elasticity, fatigue, maximum elongation and other factors

Biodegradability Synchronization sought between degradation and cell
reconstitution [YEO 04]

Degradation products | Should not chemically or mechanically disrupt cell growth

[SUN 04]
Bioactivity Should favor cell growth [KLE 88]
Sterilization Should avoid undesirable effects

Table 2.5. Requisite properties for materials used in bio-printing

Table 2.6, extracted from Maghdouri-White er al. [MAG 16], indicates the
materials used for various types of organs.

Target tissue Materials

Bone Chitosan and its composites
Poly(3-hydroxybutyrate)/nano-hydroxyapatite (PHB/nHA)
Poly(e-caprolactone) (PCL) and its composites

Poly(L-lactic acid) (PLLA) and its composites

Poly(D-L-lactic acid-co-glycolic acid) (PLGA) and its composites
Silk fibers and their composites

Collagen and their composites

Heart Collagen and its composites
Poly(lactic acid) (PLA)/PCL
Alginate

Cartilage Collagen and its composites

Silk fibers

Alginate, polyglycolic acid (PGA)

PLLA

PGA and co-polymers PLLA

PCL

Poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHBV)
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Ligaments

Silk fibers
Collagen
Alginate
Chitosan
PLGA

Lung

Collagen and its composites
Decellularized lung ECM
Poly-D-L-lactic acid (PDLLA)

Breast

Matrigel

Collagen and its composites
Silk fibers

PLGA/poly(lactic acid) (PLA)

Nerves

Poly(glycerol sebacate) (PGS)
Poly(phosphoester) (PPE)
PLLA

Skin

Collagen and its composites
Chitosan

PCL and its composites
Poly(lactic acid-co-glycolic acid)

Tendon

Alginate

Chitosan

PLGA

Collagen and its composites
PGA

Blood vessels

PLLA

Collagen and its composites
PCL

Chitosan

Poly-(ethylene glycol) (PEG)
Poly(lactic acid) PLA/PCL
Silk fibers

Table 2.6. Material used to bio-printed organs
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COMMENT.— Hydrogels

Billiet et al. [BIL 12] set out in Figure 2.24 the methods for the use of hydrogels,
which are conventionally used in bio-printing. In this figure, we see the two ways of
simultaneous and sequential biomanufacturing of materials (both inanimate and
living materials).

Methods for solidifying
hydrogels

After scaffold , \ During scaffold
manufacture ’ manufacture ‘

Physical means Chemical means
Infiltration Chitosan Liquid- Reaction within | | Reaction with
Chemical solutions, solid phase the hydrogel materials such as
conversion: Dispersion transition PEG-DMA, fibronectin,
After cross- of collagen =~ MA-hyaluronic thrombin, gelatin,
linking, with an acid etc.

Na alginate;
from CaCl,, etc.

Figure 2.24. Use of hydrogels in bio-printing and some conversion methods

2.3.3.2. Living materials

The discovery of stem cells allows the implementation of the principles of cell
reversibility and, as a result, allows us to hope for a possible so-called “time
inversion”. As has already been outlined, the main interest in bio-printing is in using
one’s own cells, in theory avoiding the problems around organ rejection. However,
for all that, can we actually use any cell for a given end? The response is obviously
negative. Cells may be divided into categories according to their aptitude for
differentiation and their potential for growth. Works in the field indicate that the
majority of cells used in bio-printing are stem cells [PRE 17, NGU 16, KIM 16].
These undifferentiated cells are characterized by the ability to engender specialized
cells through cell differentiation and by a capacity to survive through proliferation
within the given organism (self-renewal) or, indefinitely, in cultures. Stem cells play
a very important role in the development of organisms, as well as in maintaining
their integrity during their lifetime. This “expansion—capacity for differentiation”
relationship is shown in Figure 2.25 [CHU 15].
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According to [DID 06], stem cells are the precursors which multiply and pass
from the primitive lack of differentiation to actual differentiation taking place. At
the first stage, “totipotent” cells are capable of reconstituting all tissues and even
returning to the embryo phase. They then become “pluripotent”, still capable of
differentiating themselves, without a possible return to the embryo stage. Finally,
they are then “multipotent”, with a capacity for a more modest differentiation. It is
indeed this capacity to recreate tissues from stem cells, which constitutes one of the
bases for the fascination with bio-printing. It thus makes man both the master and
owner of nature. Thus, Descartes, and more specifically his theories, are therefore
not altogether dead.

Availability

Specialized cells (muscle, skin, bone, nerves)

Progenitor cells
pluripotent stem

cells

Induced ‘

‘ Adult stem cells ‘

‘ Fetal stem cells ‘

Embryonic stem
cells

‘ Capacity for expansion

Figure 2.25. Cells used in bio-printing operate through their potential
for both differentiation and growth. For a color version of the
figure, see www.iste.co.uk/andre/printing3.zip

However, Rackham et al. [RAC 16] may have demonstrated the possibility of
reprogramming all types of human cells into another type of cell, without resorting
to stem cells. The bioinformatics system, known as “Mogrify”, enables the
prediction of the best reprogramming process. This is according to the cell type we
start with and the cell type we wish to obtain. The biological process, called
transdifferentiation, is in large part the source of hopes and advances in regenerative
medicine. This is an IT algorithm to predict cell factors involved in cell
transformation.

That said, the choices of materials and cells being made (see the “review” paper
of Shao, Sang and Fu, [SHA 15]), arise, as has already been shown within the bio-
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printing processes. Specifically relevant is the choice of method for introducing cells
into the object under construction, being one of the following:

— individual cells in solution;
— individual cells placed in hydrogel,;
— cells placed upon a surface;

— “encapsulated” cells.

2.3.4. Process-material couplings

Upon reading Tables 2.5 and 2.6, we realize that the criteria for choosing
materials will play a role around the process itself, but especially around desired cell
development. It is thus a question of dealing with a significant barrier, without the
need to work using 3D machines. These fall within the domain of technical
problems, which are certainly complicated but less complex. Figure 2.26 shows this
complex coupling between materials and processes [SKA 15]. This is because we
must take into consideration the complementary aspects of rheology, viscosity,
absorption and evaporation of water and temperature. Additional relevant factors are
the cross-linking reaction under shear stress (the issue of relaxing constraints), the
potential presence of free radicals able to inhibit cell growth and other factors.

Thermosensitive materials | Photosensitive materials H Ionic/chemical polymerization

T1
UV-Visible
AT light source
¥
4
a’ A

N

Collagen, Fibrin, Gelatin PEG, DA, GelMA and Alginate, Hyaluronic acid and
and other substances other substances other substances

e

Figure 2.26. Materials—processes coupling within bio-printing [GUE 17].
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

Chua and Yeong [CHU 15] proposed families of materials likely to be of
relevance to the sphere of bio-printing. Table 2.7 sets out these various families.
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Family

Examples

Polymers

Poly-L-lactic acid (PLLA), poly-glycolic acid (PGA),
polycaprolactone (PCL), poly-(lactide-co-glycolide) PLGA and
others

Ceramics and glass

Hydroxylapatite (HAP), alumina, bioactive lenses (amorphous lenses
containing silica)

Hydrogels

Collagen, gelatin, fibrin, alginate, chitin, chitosan, hyaluronic acid,
synthetic hydrogels (poly-(2-hydroxyethyl methacrylate) (PHEMA),
polyvinyl alcohol (PVA), polyethylene glycol (PEG)

Table 2.7. Families of materials used in bio-printing

Table 2.8, extracted from Chua and Yeong’s publication [CHU 15], indicates
material-process relationships, which are generally used in bio-printing. The
relationship from the works of Skardal and Atala is set out in Table 2.9.

Materials Printing processes

Natural hydrogels

Alginate Injection (IP — Inject Printing), LIFT, pneumatic extrusion,
biological laser printing (BLP)

Matrigel LIFT, BLP, pneumatic extrusion

Collagen 1P, LIFT, BLP

Gelatin BLP, LIFT, IP

Gel-MA Projection by optical means stereolithography (or
stereolithography apparatus — SLA)

Hyaluronic acid (HA) | Extrusion

Synthetic hydrogels

PEG Acoustic ejection, SLA, projection by optical means

Hybrid hydrogels

PCL, alginate

Fusion printing/solidification, pneumatic extrusion

PCL, fibrinogen,
collagen

IP, electrospinning

PCL, PLGA, HA,
gelatin, collagen

Pneumatic extrusion, fusion-based printing/solidification

Table 2.8. 3D methods and bio-printing materials
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Materials Activation method Commentary

Polyethylene Photopolymerization Timeliness (minutes), mechanical properties

glycol (PEG) which are easy to control (size of monomers
and polyfunctionalities), non-adhesion of
cells except if a particular procedure is
carried out, encapsulation of cells, cross-
linking of other polymers

Collagen Hydrophobic bonds Good cell adhesion, slow cross-linking (1

hour); implants, skin substitutes,
encapsulations

Hyaluronic acid

Michaelis addition
which is a pH function

Good cell adhesion, slow cross-linking
except in the presence of light (the function

Photopolymerization of intensity), modest mechanical properties,
Thyramine + H20» geometry which is difficult to control (with
H:0); filling components, encapsulation,
bio-printing
Gelatin Hydrophobic bonds Good cell adhesion, unstable material except
according to temperature | for cross-linking with glutaraldehyde;
Glutaraldehyde encapsulation, bio-printing, scaffolds
(sequential population if involves
glutaraldehyde).
Alginate Exchange of Na* ions by | Rapid process, geometry difficult to control;
Ca** ijons microspheres and encapsulation
Fibrin Thrombin fibrinogen Rapid, cross-linking, good cell adhesion,
imprecise geometry; encapsulation and cell
freedom
Polycaprolactone | Fusion processing Good mechanical properties, high
(PCL) temperature; no encapsulation, production

of scaffolds

Table 2.9. Materials used with their origin and their significance

2.3.5. Subsequent cell growth

When the tissue is bio-printed, it is generally envisaged that it should be left to
grow in terms of cell population, and to make biodegradable scaffold components
disappear before a potential transplant takes place. Modeling such a development is
a difficult process, which it will be necessary to tackle if we wish to be able to
transplant a bioconstruct of any given organ or set of organs. This is in response to
the particular practitioner’s instructions [MCC 14]. In the case of transplants,



Bio-printing Technologies 141

independently of the issue of bio-printing, vascularized systems of biological
additions must be part of the given patient’s system.

Professor Lutolf’s team at the EPFL (Ecole Polytechnique Fédérale de
Lausanne), in Switzerland, is using support materials likely to be locally degraded
enabling cell growth. Figure 2.27 shows this process [GJO 15]. Irradiated areas
create free spaces in which cells and nutriments can be found, in theory leading to
the objective of cell growth being achieved. This type of technology is vital in order
to design specific spaces for cell development, but for all that, the issue of
determinism, the size of spaces and their spatial distribution as such remains to be
dealt with. Other scientific activities of this team must be cited for their quality and
their top-down approach to the theme (see, for example, [RAN 14, MOS 14,
ROC 13, GOB 11, GIL 10, LUT 09, LUT 09]).

A Bonds
v < Nlumination . / - degradation |/ ‘<,

» Photolabile ro Blomoleculei.nsolution
group Light

Stem cells

Figure 2.27. Creation of free spaces for cell growth. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

To go a little further in terms of complexity, according to [MAL 15, GUE 17],
vascularized bone tissue remains a significant technological issue, owing to
efficiencies limited in time. According to [WAN 14], it was possible to produce a
structure by extrusion of a composed precursor of calcium phosphate,
hydroxyapatite and tricalcium phosphate. On this basis, they injected cells (phages
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coupled to peptides) which behave as endothelial cells from the point of view of
migration and adhesion. See also Rasskazova et al. [RAS 15] for compounds of
hydroxyapatites and oligomers of lactic acid, enabling the manufacture of bone graft
substitutes. This process will enable a means to produce vascularized bone
structures, for which we may devise regenerative medicine applications.

2.4. Comment: 4D bio-printing

In a recent article, An, Chua and Mironov [AN 16] defined the concept of 4D
bio-printing. It is defined in Figure 2.28. In fact, it is “conventional” 4D bio-printing
given that this method is already a means of 4D manufacturing. This is because the
time has come to take into consideration, along with the aspects of cell growth, both
the differentiation and progressive elimination of supports.

Extrusion

Cell cluster

——| Active material

Energy | 5 C_j

C > ‘ Distortion and shaping ‘
Energy | | v
Energy > ( —‘ Use with its “scaffold”

Separation when the cell medium is structured ‘

o @ —O +O

Figure 2.28. Example of means of realization of 4D bio-printing.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

2.5. Other applications
2.5.1. Biological applications

Aside from the bio-printing aspect for the manufacture of tissues, a large part of
short-term activities (during cell survival) is oriented towards studies of toxicology,
cosmetics and applications for medical research (see, for example, [KIN 17,
RAY 15, POI 16, KNO 15]). In addition, taking account of the possibility of using
the given patient’s own biological cells, it will be increasingly possible to find
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customized treatments. Works on this subject include Knowlton et al. [KNO 15];
Santoro et al. [SAN 15], Peng et al. [PEN 16], Charbe, McCarron and Tambuwala
[CHA 17], Ozbolat, Peng and Ozbolat; [OZB 16]. Table 2.10, from MADEELI, an
agency for development, export and innovation [MAD 17], sets out the 3D
technologies in the process of development to invest in this sphere with their time
estimate for economic access for market. Figure 2.29, from the work of Asghar et al.
[ASG 15], sets out 3D methods applied to the study of cancers with the aim of
customized medicine.

Process Time for pharmaceutical Time for cosmetics
market access market access
Ink jets (acoustic and thermic-based 2017 2018
mechanisms)
Extrusion (pneumatics and 2017 2018
mechanics)
LIFT (laser assistance) 2019 2018

Table 2.10. Bio-printing technologies used in the pharmaceutical and cosmetics
industries, with their year of entry to market estimated by MADEEL|

Bio-printing

4

Deposit of malignant cells as models

Physical factors (Diverse flows, shear Micro-environment (Cell
stress, percolation and other processes) interactions and other processes)

3

Tumor response (proliferation, apoptosis, differentiation and other
processes)

Figure 2.29. Research into cancer and bio-printing
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2.5.2.Is it possible to feed ourselves thanks to bio-printing?

The company Modern Meadow, created in 2011 [DIL 15, CLA 16], has the
objective of producing leather from stem cells which are “100% ethical” through
bio-printing. For his part, Mark Post in Maastricht [POS 14] is already producing
meat culture based upon stem cells. This remains highly costly, but these activities
focus on means of manufacture close to bio-printing.

2.5.3. Bioluminescence and electronics

The Costa team [NIK 17] produced a flat screen made up of bio-LEDs for the
system of backlighting, as well as color filters with the assistance of bioluminescent
proteins deposited in a polymer matrix. Color filters are manufactured thanks to the
use of 3D printing techniques, while maintaining the luminescent properties of
proteins and optimum stability. They may offer an alternative to the filters in the
current liquid crystal display screens, which have the increased costs and the
contrast and brightness limits. With these new systems, recycling could become less
problematic.

2.5.4. Bio-printed Bio-bots or “soft robots” produced by additive
manufacturing

“Soft-robots” [CAR 13] are made up of deformable materials (fluids, elastomers,
gels and others) which imitate the elastic and rheological properties of biological
tissues and organs. In theory, such a robot can adapt its shape and its locomotion
strategy according to its environment and the tasks it has to accomplish. This sphere
emerging from “bioinspired” machines constitutes the result of a highly
interdisciplinary form of research, within the line of sight of numerous biological
applications. The production of the elements of these machines can take place using
additive manufacturing techniques [HIL 12]. However, the number of publications
around the coupling “soft robot” and “3D printing” is more modest. This is even
more marked for bio-bots.

However, as the introduction of the chapter indicated, processing the use of
living things for robotics (from a conceptual point of view, a form of reverse bio-
printing), the creation of machines may be envisaged from the elements shown in
Figure 2.30 (see [KAM 14, AND 17]). This includes the increase in original natural
living components.
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Multiscale
modeling and
biological systems

~—

Synthetic biology Biology of development
Integrated cell
systems to create
“living”
machines

Engineering of design

. Stem cell biology

Microfluidics and

nanotechnologies NSRRI

Figure 2.30. Inherent elements for the production of a bio-bot

In a review paper, Ahadjian et al. [AHA 13] described the need for production of
living elements. Examples are muscles for various applications including bio-bots,
and repair aspects which have been broadly mentioned. Muscle cells included in a
hydrogel can contract by electrical excitation, which enables the proposal of
machine movements using muscle cells, as Figure 2.31 shows [AND 17a]. Several
studies have already been completed of muscles applicable in the sphere (see, for
example, [KIM 14, RAM 17, LIN 16]).

‘ Artificial “Muscle”

Deformation induced Retu
by energy provision

3

l)

‘ Mechanical stress ‘

Figure 2.31. Movement induced by muscle excitations. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

The production of microactuators is possible as the works of Sreetharan et al.
[SRE 12] and Raman, Cvetkovic and Bashir [RAM 17] attest. The size reduction
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aspect may constitute a way forward, because other manufacturing techniques
cannot provide similar or superior performance levels (see Figure 2.32).

Figure 2.32. Winged Microrobot — the body is produced by additive
manufacturing (reproduced with the permission of P.S. Sreetharan)

Table 2.11 attempts to compare bio-printing and bio-bots, which in theory have
common points of reference.

Properties Bio-printing Bio-bot

Combination of Yes Yes

living/artificial aspects

Cells Specific functionalities Muscle cells

Nature of cells Customized stem cells “Standard” cells

“Right” to mistakes for a No Possible

given application (Risk

analysis)

Lifespan Long May be short

Self-perpetuation Necessary Seldom critical

Information Necessary Seldom critical

Functionality Necessary Necessary

Development of support or | Programmed for tissue Stable over time

scaffold development

Manufacturing Uniqueness Eventually envisaging
collective manufacturing

Table 2.11. Comparative elements between bio-printing and bio-bots
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Evidently, these two axes have common elements, even if the purposes are
different. Yet, as has largely been shown, the complexity of bio-printing processes
constitutes a barrier which risks limiting the emergence of this technology. The prior
exploration of the sphere of bio-bots which relies on the same cultural substance but
with more modest constraints, could constitute a more confident basis for action to
prove the possibility of examining the theme.

2.6. Conclusion

Bio-printing is a technique which enables three-dimensional printing of
successive layers of cells around biomatrices, so as to identically regenerate the
structure of an entire organ [AND 16]. Bio-printing has already been used to
produce elements of skin, bones, vascular transplants, tracheal splints, cardiac
tissues and cartilaginous structures. Although very recent, this method is highly
promising not only in the sphere of regenerative medicine, but also the discovery of
drugs and research into toxicology.

Tissue engineers try to produce, in the laboratory, human tissue which is
correctly vascularized and fairly robust to replace damaged tissue. They endure
numerous failures before succeeding in a result which is described as a proof of
concept. Other teams played the bio-printing card, but had to be limited to the
smallest dimension by producing tissue which was extremely fine. The attempts at
printing thick layers have been somewhat negative, cells sandwiched together
having no access to either oxygen or nutriments in a sufficient quantity. They do not
have the possibility of properly removing carbon dioxide and other waste. They thus
end up dying. This means of vascularization is therefore important to control the
promotion of additive biomanufacturing.

To work around this problem, nature (in its genuine form) has a network of
minuscule blood vessels with thin walls, which feed the entirety while evacuating
waste. The vessels can be reproduced using 3D printing. Printing tissue
constructions that obey such a diagram, several functional “bioinks” possess
biological properties which are both useful and complementary. These contain key
elements necessary for the formation of living tissue and can be used [MOO 14], but
do we know how to combine them in the optimal manner?
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What has just been mentioned, if we wish to make a comparison with “standard”
additive manufacturing, is that we add supplementary barriers, of which some fall
within conceptual notions:

—a complex choice of supports for the development of systems using living
cells;

— cells of variable origin, dependent upon the selected purpose;

— developments of complex cellular function systems of spatial, chemical and
mechanical factors and interactions with the given support, various transfers and
other aspects;

— the intermediate growth of cells prior to deposition (see [GUI 10a]);

— interdependences between these three major spheres.

Today, it does not seem possible to control the bio-printing system based solely
on knowledge of its components, hence understandable trends for a global approach
such as engineers practice, taking into account the phenomena judged as
predominant in the modelling. It is therefore necessary to come out of the
“materialism of the promise”. According to the holistic theses, each cell influences
the whole organ being constructed, which itself, recursively, intervenes in turn, on
the elementary entity. “There is a sequence of actions and reactions. That is to say,
we have a system of equilibrium between various forces, rather than a phenomenon
which can be reduced to a single cause and to the effects of this cause” [PAR 65].
However, how then can we be sure that we are concerned only with the principle
variables, if complex local interdependences (between cells and the environment and
vice versa) exist? Yet, bio-printing objects, such as they are presented, are
composite, systemic, unstable and subject to constraints (some of which are still
unknown to us). Thus, for the author, whatever scales are considered, bio-printing is
probably inaccessible to single monodisciplinary approaches (“‘contingent
structuring produced by a particular historic process involving the fragmentation of
science”, according to [LEG 02]).

It only remains to verify this type of claim: “3D bio-printing, invented in 2009
by Australian and American engineers, will be capable of ensuring organ transplants
by 2030, thanks to cutting-edge Russian technologies, which have already been
tested. The Russian company 3D Bio-printing Solutions, which was established at
the innovation center Skolkovo, successfully produced 3D printing trials. These
enabled the reproduction of a thyroid before implanting it into a mouse, and doing
so only within the space of two years. This was stated by the company’s partner
Youssef Khesouani in an interview granted to Sputnik” [SPU 16]. We will attempt
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to illustrate this in the following chapter by using representative examples which
have been subject to scientific publications.

2.7. Appendix: 3D printing for biological applications

In this chapter, bioink printing containing living matter is described. Yet, the
current market is moreover somewhat characterized by numerous niches ranging
from dentistry to various repairs, via the pharmaceutical and prosthetics industries. It
has therefore been thought useful in this appendix to mention the provision of
additive manufacturing in these spheres, relying on “traditional” uses. The aim
is to produce parts so as to simulate a surgical procedure [OST 15, OST 16b],
stimulating brain actuators [KOS 15], biological and medical repairs [ZOP 13,
MAR 15, GUI 17]), or dental repairs (ceramics; see, for example, [MIT 12,
KAC 10]). In these different applications for conventional additive manufacturing,
we seek to make available biocompatible materials to best effect, having specific
properties.

Other examples exist for various repairs (bones, tissues, vessels). These are
detailed by Shapira, Kim and Dvir [SHA 14], Fischer [FIS 13], Kucukgul et al.
[KUC 13], Chandler [CHA 15], 3D Printing Buzz [3DP 15], Gilpin [GIL 15], Chua
and Yeong [CHU 15] and Lavergne [LAV 14]. Further uses include biotechnologies
[LOD 15], the dispensing of medicines [SHE 15b] and research [TAS 13, KER 11,
3DP 15, KAO 15, WTE 15, MOT 15]. Further applications include scaffolds for
two-photon stereolithography (Selimis, Mironov and Farsari [SEL 15]) and “bone”
parts containing nanoparticles of mechanically strengthened carbon (nanotubes)
[GON 16, IM 12]. Further uses are blood vessels (Artivacs [ART 15]); scaffolds
produced from droplets [TAN 14]; vascular systems [PAU 15]; for artificial bones
[TAN 16, OST 16] and other applications.

In Volume 1 [AND 17b], the production of a skull was set out to enable the
simulation of a surgical procedure in the brain [GIA 09]. Similarly, it is now
possible to manufacture phantoms for use in medicine (fingerprints in forensic
medicine, artificial hands for calibration of medical instruments [ARO 13] and
cartilage [HAR 14]). Other applications are prostheses for fingers and hands
[FOR 15], applications in dentistry ([DIG 15, CAR 15, DEN 15, BRA 16],
respectively) with a market in a profound growth phase ([SMA 15] and Figure 2.33);
the metal parts for the kneecap [GAO 15] and an artificial sternum [ARA 15]. Other
applications for the development of foot prosthetics are also cited [NGU 13].
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The list of publications is very significant with numerous permitted medical
applications.

Market in millions of US$

Figure 2.33. Over ten years, the American additive manufacturing
market in dental fixing has tripled [SMA 15]

Among the recent scientific advances considered by Malaquin [MAL 15], we
cite inner ear treatment, skin substitutes, aortic valves and the use of two-photon
processes to produce high-precision supports, the development of bionics and other
technologies. Also of relevance is the capacity to produce complex cell assembly
respecting the morphology and tissue anatomy [LEE 14] for the ear; Michael et al.
[MIC 13] for the skin; Duan et al. [DUA 13] for valves; Weiss et al. [WEI 09] for
supports; Watts [WAT 16] for cardiac valves; Mannor et al. [MAN 13] for bionic
aspects and other facets.

COMMENT.— Natural scaffold system

Massachusetts General Hospital and the Harvard Medical School have mastered
the regeneration of human hearts from donor cells [MAG 16]. By using cells which
cannot be used for transplants, their immersion in ad hoc solutions can eliminate
“cells able to cause a negative immune response, the organs no longer being made
up of their most simple structure. Scientists then introduced into hearts Induced
Pluripotent Stem Cells (iPSCs), from cells of adult human skin, reprogrammed to
reproduce functional muscular cardiac tissue. Placed in human organs and plunged
into a nutriment solution, iPSCs then developed as two types of cardiac cells. Thus,
after two weeks, cultivated cellular networks started to resemble those of a correctly
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structured heart, even if they were not completely formed. Lastly, once fed by an
electric shock, the organs started to beat.”

This process using cardiac cells from the same organism is less likely, as for an
implanted heart, to be rejected by the recipient of the transplant. Although the study
enabled the manufacture of 500 million cardiac cells, producing an entire heart
would necessitate “tens of billions” of such cells. However, this view where 3D
printing is ultimately excluded appears to be an interesting avenue to examine.

It is just the same for bio-printing: we make headway, but a long road must be
traveled before reaching our ultimate goal.
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Some Examples of 3D Bio-printed Tissues

“We tend to see ourselves as machines. Ray Kurtzell suggests that we
are forms of behavior: we are our ‘circuitries.” The body and the
brain are simply made up of a specific set of particles that change at a
surprising speed [...]. We are a system of matter and energy that
persists through time”. [COC 17]

“The novelty of modern times therefore has a very particular accent.
It is not just a matter of a consciousness of the time that is delineated
from the past and institutes the boundary between ‘yesterday’ and
‘today,” but of a rupture that, by rejecting the authority of models,
takes away all value of exemplary nature: all antecedence is declared
outdated and obsolete”. [REV 12]

“What will soon seem the oldest is what initially seemed the most
modern”. [GID 72]

“Understanding the world, like Cervantes, as ambiguity, having to
face many relative truths that contradict one another instead of a
single absolute truth [...], thus possessing the wisdom of uncertainty
as the only certainty, all of this demands a force that is no smaller”.
[KUN 86]

“It is thus best to accept the fact that a solution is never logically
necessary and constraining seriously, that it never imposes itself in
the absolute sense of the term — that every closure of a debate or every
concensus is local by nature and can only be understood in the precise
context in which it was elaborated”. [PES 95]

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
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“The author Arthur Koestler maintains that creative originality
doesn’t consist in creating ideas ex nihilo, but rather in combining
well-established schemata and structures through a sort of
hybridization. ‘The creative act is not a creation in the sense of the
Old Testament. It does not create from nothing. It discovers, mixes,
synthesizes facts, ideas, faculties, techniques that already existed.
Everything invented will be all the more surprising as the parts are
more familiar’”. [CAS 17]

“Yet, what stands out is that this world is a world of interactions. An
organism’s slightest activity always implies exchanges of matter, of
energy, of information, of movements, of behaviors. Interactions that
encourage or hinder. This may be what characterizes the ecologist: it
is he/she who wishes to understand the world of the living and its
interactions [...]. This is the bet made by the ecologist: as diverse and
complex as the interactions of the living world can be, some are
intelligible, they repeat themselves and can be anticipated — at least to
a certain extent”. [DEV 16]

“They end up obtaining a limitless power and dictating their own laws
and rules. Technology, in return, is seeing a drastic leap and society
progressively slides into a Trans-humanism rid of all complexities, in
rich nations anyway”. [NAT 17]

“Infobesity surrounds us from all sides and it is a serious blow to our
creativity”. [LEW 16]

3.1. Introduction

Klebe [KLE 88] printed biological elements for the first time using an inkjet
printer: Fibronectin proteins, present in the extracellular matrix, were printed and
they notably allowed the adhesion of cells to this matrix. Since that date — the
previous chapter is there to illustrate it — it is possible to go much further. Why not
up to the manufacture of organs? Using some examples, this is precisely what is
analyzed in this part.

“3D printing technologies open [...] new pathways in terms of prostheses and
organ grafts/transplants: ‘a liver has been reconstructed in Israel using stem cells and
a heart in Russia,” cites Uwe Diegel as examples. By 2030, bio-printed organ
transplants will be possible. Research has made leaps and bounds: last November,
the Russian company 3D Bioprinting Solutions managed to reproduce a thyroid and
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implant it into a mouse. According to the American laboratory Organovo, which is
working on manufacturing human liver tissues via 3D printing, bio-printing hepatic
tissues will offer an alternative to transplants and mitigate the global problem of a
lack of donors” [VIN 17]. Anthony Atala, a specialist of regenerative medicine, at
a TED conference said that he was capable of manufacturing a human kidney with a
3D printer and demonstrated it to the large audience. (“This pseudo-organ was in
fact a sort of mold in the shape of a kidney, printed with a synthetic material, on
which kidney cells were placed. An almost inert object! This misexplanation reveals
the tension that has reigned in recent years in regenerative medicine, and particularly
in bio-printing” [HER 14]). There is only one step between this and thinking it
possible to one day “kill death”. Others have a calmer scientific attitude and advance
slowly, because anything else is difficult with complex subjects [FRI 17].

Indeed, since 1999, stem cells have been brought to light. They multiply and
provide new cells that engender the lineage of blood cells or cells from the
epidermis’ basal membrane. They can transform into functional, mature
differentiated cells adapting to the environment in which they are placed. Highly
dependent on environmental (epigenetic) factors, they only specialize as they
mature. These cells, by multiplying, have a highly promising therapeutic potential
with considerable possibilities, the patient becoming the producer of his/her self-
prostheses and, moreover, 3D printing can help place them in the correct location so
that they act in an optimal manner. Therein lies the stake. Transplanting a group of
multi-differentiated tissues and not a single or multi-tissular organ (kidney, liver,
heart, lung) poses the question of mastering the immunological phenomenon, a
tissue incompatibility in the heterologous transplantation [ZIN 01], a problem that
normally is not present when working towards the same goal with one’s own cells.

Laboratories are much more than locations where science is practiced: they are
locations where, through artifacts (like that of optimizing a process), a world is created,
slipping into the demands of the representations used. There is thus the presence of forms
of inertia in the action and this is because, on the one hand, there is success associated
with proofs of concept and, on the other hand, extraordinary attractiveness for bio-
printing, in which, like a sudden crisis, an entire community starts forging ahead and
getting involved in forms of experience accumulation, thinking that they are participating
in the clearing of a domain that is still largely untouched.

Some failures have led to humbleness (it is somewhat necessary to give an
explanation after financial support by agencies, because in the responses to calls for
tender, it is necessary to make promises); then, it is possible to witness a focusing of
work on “what has chances to be successful” [THO 16]. It is thus that, essentially,
work is focused on printing tissues, towards “simple” organs like bones (which is
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not just mineral), cartilage (limited vascularization) and skin (because this seems
possible and, according to Barnouin [BAR 16a], “since 2014, the American Army
has been seeking to integrate bio-printing, that is, the 3D printing of living cells, into
its war medicine. The goal would thus be to 3D print skin to care for the seriously
wounded”). And indeed, today we are going a bit further than the proof of concept,
though without having reached the stage of pure, simple transplanting.

As has been pointed out, the luck that is had is that sometimes “Nature is well
made” with exemplary cellular proliferations allowing grafts to be taken to an extent
that is nearly a unit. Everyone knows the ability that some animals have to partially
regenerate their bodies and this information can help recreate their amputated limbs
thanks to their totipotent stem cells. “However, nature offers far fewer possibilities
of this to the superior vertibrates that are mammals” [KAH 05]. Thus, the works
presented below relate an experimental story under construction with many short-
term attempts that still hamper the technological legitimacy of bio-printing.
However, can we do anything else?

The work presented below was written with the effective help of Natacha Denis
at the Reactions and Process Engineering Laboratory (LRGP) in Nancy, France.

3.2. Work on cartilage

Concretely, manufacturing a biological tissue through bio-printing is performed
in the following way: an initial stage involves conceptualizing the architecture of the
biological tissue with a computer; the printing parameters are then programmed with
an “ink” containing cells [SKA 15, MUR 14, BHA 15, PAS 16, OZB 16,
RAD 17]. The “biological” tissues are then printed, layer by layer, with
programmable logic controllers that reproduce the patterns conceived on the
computer by depositing, for example, micro-droplets of biological inks (see, e.g.
[SCH 11, STR 09]). The final step depends on the maturation of the printed tissue in
a bioreactor. This is a device in which microorganisms are multiplied [GUI 14]. This
stage allows the cells to organize themselves until specific biological functions
emerge. Several classically published techniques exist (see [MUR 14]). Moreover,
two schools of thought are developing, one that sequentially creates the support
followed by cell seeding, and the other simultaneously performing these operations.
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As the case of cartilage requires neither support nor vascularization, it is very
interesting in terms of proof of concept in this “pre-paradigmatic” décor, because it
largely avoids the pitfalls associated with other tissues. This first part of this chapter
presents an analysis of the bibliography (certainly non-exhaustive) and leads to
remarks on the applicability of the studies performed. Figure 3.1 illustrates the
evolution of the domain in terms of the number of publications (via a search on the
University of Lorraine Library’s website with two keywords: cartilage and 3D
Printing). The results are presented in Figure 3.1.

90

Number of publications/year

Figure 3.1. Publications with the two keywords: cartilage and 3D printing

As this figure shows, 2011 can be considered the “start-up” year of the dynamics
on this subject with notable acceleration (in all, roughly 200 publications over the
period).

3.2.1. General remarks on cartilage

3.2.1.1. Definition

Cartilage is a layer of non-vascularized and non-innervated tissue connecting the
ends of bones. It is made up of collagen fibers and proteoglycans allowing cellular
adhesion, mechanical support, and the transmission of mechanical and chemical
signals between cells and tissues. The properties of cartilage depend on its depth in
relation to the surface of the articulation. The mechanical properties of cartilage,
flexible but resistant, place this organ in an intermediary position between bones and
less rigid, more or less dense joint tissues like tendon or muscle. The rigidity of
cartilage gives it a particularly important role in supporting the opening of different
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tubes that are open to the organism’s air, whether this is the trachea, alar cartilage in
the nostrils, or the auricle of the ear around the auditory canal. In the case of injury,
their repair is slow, even nearly non-existent in adults [DOR 15]. Bio-printing thus
comes as a means of attempting to perform what Nature does not do in the human.

3.2.1.1.1. Structure and composition

Three areas must be considered: superficial (10-20%), intermediate (40-60%)
and deep (30—40%). The deeper the layer is, the more the cellular density is reduced
and the glycosaminoglycan (GAG) content increases. The distribution and
morphology of the chondrocytes differ as a function of the tissue depth. In the
superficial zone, the chondrocytes are small and flat, while in the deep zone, they
are larger and round. The chondrocytes are encased in an extracellular matrix
(ECM) made up of water, collagen fibers and proteoglycans. The collagen fibers
show a characteristic alignment in the shape of an arch. They are initially
perpendicular at the articular surface in the deep zone; they change direction in the
intermediate zone to become parallel at the surface in the superficial zone. This
structure, also with aggregates of proteoglycans within the fibers, provides particular
biomechanical properties: rigidity and resistance to shearing forces. The
proteoglycans make up a veritable hydrophilic gel that takes up considerable volume
in relation to its carbohydrate content, and water thus constitutes 70-75% of the
liquid weight of the adult articular cartilage [DOR 15].

Proteins are present in the cartilage and their density and secretion vary
according to the zone. In the superficial zone, initially clusterin, proteoglycan-4
(PRG4) and Del-1 are found. In the intermediary zone, it is “Cartilage Intermediate
Layer Protein” (CILP). In the intermediate and deep zones, “Cartilage Oligomeric
Matrix Proteins” (COMP) are found.

In histology, there are three types of cartilage:

—hyaline cartilage (type II collagen); the cartilage’s ability to become saturated
with water is limited by the collagen fiber network. The specific collagen of this
cartilage is type II, made up of three twisted chains. This collagen II alone
constitutes 95% of the collagen in normal cartilage (see Figure 3.2);

— elastic fiber (type II collagen and elastic fibers);
— fibrous cartilage (type I and type II collagen).
Hyaline cartilage is the most common in the body: growth cartilage, articular

cartilage, the walls of the large respiratory pathways and ventral edge of the ribs. It
has the following composition (Table 3.1):
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Water 70-80% of its weight
GAG Chondroitin S and keratan S
Proteoglycans Agregans

Matrix Other proteins Chondronectins

Adherence proteins attaching
themselves specifically to the GAG
and type II collagen

Type 1I collagen 90% of the fibers

Fibers
Absence of elastic fibers

Table 3.1. Composition of hyaline cartilage

NH, E=XX0000000000XXXXX
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= 00000000CO0OXXXXX === Type XI
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— XXXXXXXXXXX = Type VI

Figure 3.2. Different types of collagen according to Bernard
Mazieres (CHU in Toulouse, France). For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

Beside hyaline cartilage is the perichondrium, which covers the fringes of all
hyaline cartilage in the adult body except for articular cartilages. Owing to its
vascularization, it plays a role in growth, nutrition and cartilaginous repair. It is
made up of:

— an external fibrous layer: fibroblasts and type I collagen;
—an internal chondrogenic layer: mesenchymal cells capable of becoming

chondroblasts then chondrocytes.

The nutritional elements reach the cartilage via molecular diffusion through
tissues from perichondrial vessels. Concerning the nutrition of articular hyaline
cartilage (absence of perichondrium), this takes place via diffusion through the
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adjacent articular synovial fluid. In rarer cases, this can be ensured by the vessels of
a sub-chondral bone.

Figure 3.3 represents the principal elements of this cartilage, highlighting
effective heterogeneity.

Capillaries External layer

Perichondrium

Fibroblasts
Internal layer

Ga— Cartilage

Chondrocytes

Figure 3.3. Heterogeneities in cartilage. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

3.2.1.2. Difficulties to consider when conceiving a cartilaginous surface

The advantage of cartilaginous tissue is that it presents neither vessels nor nerves
and, moreover, it is made up of only one type of cell. However, by virtue of these
characteristics, cartilaginous injuries cannot easily heal in a spontaneous way; the
repair is made up of fibrocartilage: a cartilaginous scar tissue that does not present
the properties of resistance to shearing and pressure that normal tissues can present
[PER 06]. As a classical consequence, this leads to tissue degeneration and arthritis.
However, cartilage, a seemingly simple tissue, thus has a very heterogeneous
composition and texture that vary as a function of the tissue depth. This shows
significant complexity, despite being a non-vascularized and non-innervated tissue.
Furthermore, given the types of cartilage, articular cartilage presents the particularity
of not being near a perichondrium to ensure its growth and nutrition. It seems more
obvious to concentrate on this kind of cartilage not out of concern for complexity,
but to come closer to reality and the possible simplicity of bio-printing.

From the surface to deep down, articular cartilage is morphologically divided
into four layers:

— superficial or tangential layer (the collagen fibers being parallel to the surface),
around 3% of the thickness;

— middle or transitional layer (= 5%);
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— deep, radiated layer (with vertical fibers), the thickest;
— calcified layer (2-3%).

These layers correspond to variable contents of the matrix components and to a
different organization of the collagen fibers in each layer. This organization leads us
to think that the collagen fibers are organized in arcs whose ends are planted in the
calcified layer and whose reflection is made in the middle and superficial zones,
ensuring a true “framework” for the cartilaginous tissue.

3.2.2. Cartilaginous defects and treatments

The cartilaginous defects that can be found are osteoarthritis, age-related wear-
and-tear and lesions. Indeed, a cartilaginous injury leads to a loss of the structure
and function of the tissue affected by a degenerative disease. The current treatment
is surgery but this is costly, invasive and complex. It leads to an increase in the
morbidity rate.

3.2.2.1. Economic considerations and constraints [DEN 17, GEL 16]

For information on the approximate costs of orthopedic surgery in Germany, the
only data accessible on the Internet (including the costs of hospitalization, surgery,
anesthesia, pain management, laboratory analyses and clinical examinations) are the
following:

— for a total knee prosthesis: €18,800;

— for a cartilage graft, sample, culture and transplant: € 24,400.

These costs are even more elevated when these operations do not ensure total
cartilage repair. The cartilage graft slows the need for a surgical operation, but does
not exclude it, hence the orientation of research towards more sustainable solutions.
Thus, the 3D printing of cartilage also implying the sample, culture and transplant
will obviously present prices much higher than those above, the goal being a total
repair of the cartilage following a single operation. The hypothesis could be
proposed that, over the patient’s entire life, all of the operations would probably turn
out to be less expensive via cartilage bio-printing. However, in the current phase, it
is still difficult to give a robust opinion. However, these figures indicate the
economic criteria to be taken into consideration, so that cartilage bio-printing can
leave research laboratories.

Cartilage tissue engineering has existed for at least 20 years [PER 06]. The
current strategies do not allow new cartilaginous tissue to be manufactured.
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Moreover, they imply removing healthy cartilaginous tissues from around the
damaged tissue in order to allow an implant. Yet, this operation leads to the
degeneration of the implanted tissue (addition of necrosis). The challenge is thus
being able to insert a tissue structure without removing the healthy part of the
cartilage with an aim to ensure tissue regeneration, also as a function of the
thickness to be implanted. This is why attention is being turned to bio-printing,
which represents a very significant promise explaining the research underway.

3.2.3. Cartilage bio-printing

The process is the object of Figure 3.4, which revisits the 3D bio-printing
methodologies presented in the preceding chapter.
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Figure 3.4. Cartilage bio-printing (according to [BHA 15]). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

3.2.3.1. Bio-printing techniques for osteoarticular tissues

Jet ink and pneumatic extrusion printers are most commonly used for printing
cells contained in a hydrogel. Hydrogels are reticulated networks insoluble in water
capable of inflating in it, and they provide advantages in tissue engineering as cell
supports for the creation of tissue. Biocompatible hydrotissues have the ability to
induce a phase change from a liquid to a semi-solid/solid through reticulation, which
provides them with greater potential for 3D bio-printing (see preceding chapter; see
also [ABB 16, ARM 16, CUI 12, DI 15, KLE 09, KUN 16, MAR 15, XU 09]).
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3.2.3.1.1. Cell sources used

— Chondrocytes: chondrocytes are the most obvious choice for bio-printing
cartilaginous tissues; the problem is that they are unstable in a single-layer culture
and rare in tissues. Ideally, costal and nasal chondrocytes allow the formation of
cartilage in a more significant way.

— MSC “mesenchymal stem cells”: these are present in numerous tissues (bone
marrow, adipose tissues) and able to differentiate thanks to TGF-81, for example.

— Fibroblasts.
It should be noted that in cartilage, 1 to 100 million cells are present per cubic

centimeter. In cartilage engineering, when we are interested in cells, several criteria
must be studied:

— the ability to have cells to print;

— the proliferative capacity;

— chondrogenesis;

— the ability to form cartilage.

We should bear in mind that the relative performance of in vitro cells cannot be
linked to the in vivo performance, hence the need to study in vivo cellular behavior.

The list of different types of cells and their principal characteristics justifying — or
not — their use in cartilage engineering is presented below [DOR 15]:

— Stem cells:

- Human embryonic stem cells,
- risk of embryo destruction during sampling;
- risk of inducing a tumor after transplant (tumorigenicity);
- immune rejection of the organism.

- Pluripotent stem cells,
- ethical problem vis-a-vis gathering from a human embryo;
- risk of tumor formation and risk of rejection.

- Mesenchymal stem cells (MSC),

- absence of the risk of rejection because taken directly from the patient in
question;

- absence of tumor formation;
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- no embryo sampling;
- ability to differentiate;
- come from human tissues (like bone marrow or adipose tissues).
— Chondrocytes:
- absence of the risk of rejection,
- better cartilage manufacturing properties than MSC,
- very limited sampling sources (limiting factor due to required ex vivo
expansion).
3.2.3.1.2. Growth and additive factors

Table 3.2, taken from Bhardwaj, Devi, and Mandal [BHA 15], presents some
growth factors that can be used to aid cellular growth. Indeed, these substances are
essential for cellular proliferation. The table presents not only the growth factors that
have already been tested in studies, but also the matrix in which they were inserted.
This is an expert approach using substances whose effects in other biological situations
are already known thanks to experimentation. The subject is thus not closed.

Growth factor Matrix Desired goal
TGF-bl Poly caprolactone Increased chondrogenesis
nanofiber
TGF-b3 NiPAAm-based hydrogel | Induction of chondrogenesis
TGF-b3 Alginates Induction of chondrogenesis
CDM P-2 and TGF- | Myoblastic cells Synergies of the two factors on
bl chondrogenesis
IGF-1 and TGF-bl |PLGA Synergetic effect on collagen and
expression of aggrecan
IGF-1, IL-4, TGF- | PGA structure Effect on cartilage production
bl, PGDF
TGF-bl, BM P-7 Chitosan-based hydrogel | Synergies of the two factors on
chondrogenesis
TGF-bl, BM P-2 Stem cells from bone Regulation of chondrogenesis
marrow
IGF1, TGF-bl PGA structure Hydrodynamic qualities of the bio-
construct

Table 3.2. Growth factors in cartilage bio-printing
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3.2.3.1.3. Extracellular matrix

Several components of the extracellular matrix exist and they are mentioned
above [BHA 15, RAD 17, SHI 16, SUN 16]. The goal is to mimic reality as much as
possible. Hydrogels are interesting because they allow the presence of a large
volume of water, favorable to cell growth (but other supports are also used, as
there is a large quantity of polymers widely used in tissue engineering and more
particularly cartilage engineering: gelatin, hyaluronic acid, collagen, chitosan,
alginate, polyurethane, poly-caprolactone, etc. (see [ABB 16, KUN 16, PER 06,
SHI 17, DE 15, EYR 07])). The problem of hydrogels is that their 3D structure is
difficult to support, hence the search, for Yue et al. [YU 16], for structureless bio-
printing with such a solution, the cells are extracted from animals; the process
involves reating in a small tube made of alginate, a few tenths of a millimeter long,
injecting cartilage cells into the tube and letting them develop for a week so that
they adhere to one another. As the cells do not adhere to the alginate, the researchers
obtain “strands” of cartilage. After 12 hours, the assembly structures itself and the
cartilage is “raised” for 4 weeks. It is structureless bio-printing that leads to better
results than those using a scaffold, but still inferior to what is done by nature. This is
why synthetic materials are called upon, such as poly-glycolic acid, poly-
caprolactone, methacrylates and hydroxyapatite. Hyaluronic acid is a compound
naturally found in cartilage, hence used in bio-printed matrices to ensure repair,
morphogenesis and matrix organization.

3.2.3.2. Analysis concerning the different materials used and their utility

The studies gathered in Table 3.3 tend to show that cells could modify their
function and morphology as a function of the extracellular matrix into which they
are integrated (see [BHA 15]). It therefore seems essential to provide the adequate
structure to allow cell survival and development. The currently used materials
and structures have not succeeded in perfectly reconstituting the natural
cartilaginous structure, even if progress has been made. Indeed, 3D printing
technologies do not yet allow spatially-oriented living materials (organized structure
in the deep cartilage) to be printed and, in the assays performed on humans, this
return of a random deposition to an organization has not (yet) been produced with a
yield at the desired level.

Another approach is based on the use of a decellularized extracellular matrix; the
cellular viability is good and the structure seems to imitate reality well. Moreover,
reflection is based on the fact that there is no need to use a 3D structure: bio-printing
of single cells would suffice hydrogel with a plasma, alginate and stem cell base.
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Polymer Cellular origin Goals
Chitosan/silk fibers Chondrocytes and Effects of the chemical environment
mesenchymal stem cells | on chondrogenesis

Poly-caprolactone Mesenchymal stem cells | Comparison between the silk fibers
and cell clusters on chondrogenesis

PLGA Bone marrow stem cells | Process of incorporating stem cells

Chitosan/polyester Chondrocytes Increase in ECM production

structures

PLGA/collagen Chondrocytes Effect of the design

Hyaluronic acid Mesenchymal stem cells | Effect of reticulation on
chondrogenesis

Gelatin Joint chondrocytes Reticulated gel

Chitosan Chondrocytes Effect of the ultrasounds on
chondrogenesis

Chitosan/poly- Chondrocytes Effect of the mixture on

caprolactone differentiation

Chitosan and hyaluronic | Chondrocytes Increase in cartilage ECM and

acid incorporation of the hyaluronic acid

Table 3.3. Matrix-living environment interactions
in cartilage bio-printing (ECM: Extracellular matrix)

3.2.3.2.1. Origin of the cells to be printed and their preparation

In order to illustrate the origin of the cells used for cartilage bio-printing and
how they are cultivated and treated, the study by Kundu et al. [KUN 16] was used as
an example. First, the human cartilage from the nasal septum (middle partition
separating the nasal cavities) is surgically extracted. The cartilaginous fragment is
placed in the presence of collagenase at 37°C for 12 to 18 hours. The cellular
suspension obtained is filtered, centrifuged and cleaned. The collected cells are
placed in suspension with antibiotics (penicillin and streptomycin) in humidified air
containing 5% v/v of CO, at 37°C. The cells are then flattened at a rate of 10° cells
per square centimeter on a cellular culture container. The cells will be cultivated
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(according to the monolayer culture method). The chondrocytes are used during the
third place change, that is, 9—10 days after cultivation. For 3D printing, the
chondrocytes are detached thanks to 0.05% trypsin contained in 0.53 mM of EDTA
for 5 minutes at 37°C. The cells are recovered by centrifugation. The suspension is
mixed with a sodium alginate solution. The deposited mixtures of cellular
suspension within the alginate are reticulated with a solution of 100 mM CaCl, and
145 mM of NaCl. The constructions are then washed. Next, the cells are cultivated.
Following the culture, a two-week series of treatments to once again purify and
sterilize takes place. Cartilage bio-printing thus plays no role in emergency medicine
applications.

3.2.4. Primary results

The current studies on cartilage are largely based on the study of biomaterials in
order to come as close as possible to reality. But even if this is reasonable, is this the
right approach? Currently, different hydrogels, cells of different origins, different
types of bio-printers and different growth factors are being tested, the goal being to
ensure maximized cellular viability and cartilage reformation through
experimentation. According to the referenced works, it is possible to reform
cartilage, but not yet in a complete way. In the studies cited, chondrocytes were
used. From a clinical and medical applications standpoint, this poses certain
questions concerning the rarity of these cells in the human body.

In these conditions, would it not be wiser to move towards mesenchymal stem
cells that could differentiate through growth factors, allowing differentiation in
chondrocytes? One of the downsides, also of chondrocytes, is their unstable
phenotype. Once these cells are isolated from their matrix of origin, these cells tend
to differentiate into cells presenting the characteristics of fibroblasts, which no
longer produce collagen and proteoglycans, the essential and specific components of
cartilage. This cellular behavior implies inserting chondrocytes into a 3D matrix
similar to natural cartilage in order to maintain the native phenotype of the cells and
thus the production of the right components.

Concerning the mechanical and rheological properties of the structures created,
the results are heterogeneous. For example, the study based on hydrogels with a
methacrylated polyHPMA-lac-PEG triblock copolymer base showed insufficient
rheological properties, while the study using PEGDMA presented properties (water
content, swell ratio and compressive modulus) near those found in native
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human cartilage. Performing an implant corresponding to reality from a rheological
and mechanical standpoint is thus possible, so this is something to (absolutely)
consider during studies. A distinction will be foreseeable between a pressure
constraint, a shearing constraint and a wear-and-tear (fatigue) constraint. For the
moment, studies are focusing only on the resistance to pressure.

A question also poses itself concerning the heterogeneous structure of the
cartilage as a function of the zone: must cartilaginous tissue bio-printing be adapted
according to the zone? This is a point that goes unmentioned in publications. Can a
structure be adapted to the implantation area and reform itself correctly according to
the depth of the cartilage? Or can the focus be turned towards cartilage with less
demanding properties [HAN 16]?

Studies [MAR 15, ARM 16, SHI 17] have been interested in the effect of the
porosity of the implant formed. Facing a lack of nutrient and oxygen diffusion
impacting cellular growth, the idea of printing both nano- and microfibers has
emerged. This would be an acceptable compromise to ensure good porosity and to
guarantee the structure’s mechanical strength properties.

Another study by Xu et al. [XU 13] focused on the combination of bio-printing
with electrospinning (see Volume 2); this hybridization led to the same results on
cellular growth with, in addition, improved physical properties. These two works
show the importance of the process: studies on the bio-printing technique can thus
also be used to improve the conception of the structure (insofar as one is used).

Finally, practically no studies cited analyzed the possible behavior of the bio-
printed implant in the long term (maximum 8 weeks, except for Lian et al.
[LIA 15], for work on animals and Haleem ef al. [HAL 10], it seems, on humans). In
the long term, could the evolution be modified and, if so, how? When it is known
that cartilage is a living tissue within which there is both digestion of the matrix and
renewal, it would be interesting to see if renewal over a long period of implantation
can be complete. Moreover, the time that would be needed before implantation so
that the bio-printed structure is viable and possibly implantable is not mentioned.
The implant production time will not be the same according to a partial or total
repair. Can this time be a barrier to the use of bio-printing in medicine? Is it already
favorable for partial reconstruction?

According to Mok et al. [MOK 16], there are still a number of obstacles before
healthy cartilage can be repaired for reasons mentioned in this section 3.1.
Moreover, the current natural and/or synthetic materials still would not be able to
mimic the complexity of the tissues and their functionalities. New investigations are
therefore strongly desired to break down the present barriers, as well as to examine
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whether or not alternative methods can be proposed [KEL 16]. Keller et al. have
shown that by combining stem cells and growth factors, it is possible to repair the
cartilage (without bio-printing) as well as the damaged bone. “This new therapeutic
approach leaves hope for a revolution in the treatment of osteoarthritis, the most
widespread inflammatory disease worldwide, with more than 250 million affected.
The technique updated by these researchers uses a new type of 3D implant. The first
layer of this implant contains membranes with nano-reservoirs containing growth
factors that will allow bone regeneration. Next comes a second layer made up of a
hydrogel containing stem cells taken from the patient’s bone marrow, which will
regenerate the cartilage” [TRE 16]. This initial search will then have to examine the
aspects of regeneration, the tissue’s mechanical resistance, and its robustness over
time, cellular survival and the stability of functionality.

As such, attention must be given to the media impact, progress not meaning
achieving the result; the path is not marked and it is not yet known if this will allow
the target to be reached. Thus, the major challenge of tissue engineering is indeed
ensuring that the implanted structures “live” long enough to properly integrate to the
patient’s body. According to SantéLog [SAN 16b]:

— “Researchers manage to implant an ear structure and to obtain signs of
vascularization one to two months after the graft;

— Printed muscular tissue implanted in a rat becomes a sufficiently solid muscle
in two weeks, assuming its function and presenting vascularization allowing nerve
formation to be induced”.

According to Marchand [MAR 16], to test the methodology, cartilage implants
have been placed under the skin of mice and rats: two months later, the ears
implanted in the mice had kept their shape with the appearance of cartilaginous
tissue. We were almost there.

In conclusion, experimental research on cartilage bio-printing is primarily
oriented towards the study of biomaterials and their interactions. The cartilage,
through its non-vascularization, is an interesting tissue for study, but it (still) raises
questions that could possibly prove problematic for the total regeneration of human
cartilage. However, is it not normal for a goal not to be reached when still very few
works have been published and the (apparent) emergence of the field dates back to
2011. The roadmap of cartilage bio-printing is presented in the two figures below
(5 and 6), so nothing can be done but to keep going!
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Figure 3.6. Materials and cartilage bio-printing (according to [MOK 16]).
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Hyaline cartilage: this corresponds to the following cartilages: cartilage of growth,
articular cartilage, wall of the large respiratory tracts and ventral end of the ribs.

Chondrocytes: chondrocytes are the cells that make up the cartilage. They contribute to
collagen and proteoglycan formation.

Chondroblasts: cells that will provide chondrocytes through maturation.

Electrospinning: process allowing non-woven membranes to be created thanks to the use
of a polymer or melted polymer solution.

Glycosaminoglycan (GAG): long linear saccharide polymer chain present in numerous

tissues in the human body.

Synovial fluid: synovial fluid is produced by the synovial membrane. It serves as a
lubricant for the joints to limit friction, absorb shocks, allow nutrient diffusion for cartilage
cells and eliminate waste.

Proteoglycan: combination of a protein and a GAG.

Mesenchymal stem cells (MSC): stem cells from the mesoderm present in various tissues

of the adult body such as the bone marrow or adipose tissue. They are also present in the
blood of the umbilical cord.

Box 3.1. Glossary

3.3. Skin bio-printing

“There is great complexity in the skin, it is an organ made up of several layers of
tissue. With bio-printing, which consists in depositing droplets of biological ink that
will form successive layers through superposition, it will be possible to constitute a
three-dimensional tissue. Today, after a 15-year application development phase, we
are able to print the epidermis using human cells” (Fabien Guillemot CEO of Poietis
[GUI 15]). Indeed, according to Sciences et Avenir [SCI 16], if the goal, for Poietis,
is “going to the clinic” to be treated for tissue repair, the company first founds its
development on the enormous potential represented by tests in cosmetic and
pharmaceutical research. “This is why we first worked on the skin. It is a real
opportunity for development”. Guillemot is not the only one getting involved in this
complex path and, beyond the rigor of its production, partially brings his company
to life (following the model of his National and International colleagues), in a
dialectic of promise, which finds an effective reality in the application of bio-
printing in cosmetic and pharmaceutical tests [GRA 12, REN 15].
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According to Lipson and Kurman [LIP 14] and Lipson [LIP 13], until now, Nature
has remained in the lead for performance compared with humans and computers
concerning the optimal choice and possession of different stem cells to create a
complex tissue! However, significant works are developing. Before dealing with what
has already been published (as expressed by the number of publications in Figure 3.7),
it seemed necessary to the author to recall what, in a nutshell, the skin is.

Number of publications/year

Figure 3.7. Publications with the two keywords: Skin and 3D Printing

As in the preceding case, the subject is very recent in terms of interest for the
scientific community (linear development starting in 2010 and extreme acceleration
in 2016; the subject is mushrooming).

3.3.1. General remarks on skin

The human skin is a complex organ divided into three layers: the epidermis, the
dermis and the hypodermis. “The epidermis, in contact with the outside
environment, is a multilayer epithelium; it is non-vascularized, keratinized and
squamous. It is primarily composed of layers of keratinocytes, which represent 90 to
95% of the epidermic cells; it also contains melanocytes, Langerhans cells and
Merkel cells. In this tissue, the extracellular compartment is reduced to the
intercellular cement. The dermis, on the other hand, is made up of a small number of
cells and a well-developed extracellular matrix. Fibroblasts make up the greater part
of the cells in the dermis. The dermis is crossed by a ramified network of blood
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vessels, lymphatic vessels and nerves [a network] that connects the skin to the rest
of the body. The hypodermis is the deepest part of the skin and also the thickest”
[BIO 11].

These three zones defining gradients of living matter are associated with highly
developed vascularization that largely exceeds the individual local nutritional needs.
Blood circulation plays a role in thermoregulation, healing, immune responses,
controlling the blood pressure and various exchanges: a variety of transfers in both
directions (sweat and second entry of contaminants after the lung). The cutaneous
nervous system is present in the three cutaneous compartments, hypodermis, dermis
and epidermis (except the corneous layer).

The epidermis is made up of several cell layers (Bouschbacher [BOU 07] and
Figure 3.8):

—the basal layer is made up of keratinocytes with large cylindrical or cubic
nuclei, in division;

—the spinous layer is made up of 5 to 15 layers of sizeable and polygonal
keratinocytes;

—the grainy layer includes 1-3 layers of flat, spindle-shaped keratinocytes
deposited parallel to the cutaneous surface. They contain grains of keratohyalin
(basophil granulations), that is, an assembly of proteins rich in histidine and keratin
filaments;

— the corneous layer is the most superficial layer of the epidermis. It is made up
of 5-10 layers of flat keratinocytes with no nucleus, called corneocytes.

Corneous layer

Grainy layer

Spiny layer

- t Basal layer

Figure 3.8. Epidermis. For a color version of the figure,
see www.iste.co.uk/andre/printing3.zip
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In case of injuries, “scarring is the result of a set of phenomena with variable
intensities according to the degree and type of aggression, the degree of the tissue
damage, that takes place, more or less harmoniously, in order to restitute the initial
tissue integrity. Moreover, there are individual factors, some unknown and
unforeseeable, that are involved in the progress of these phenomena” [VER 06]. As
this very reduced description shows, this is a particularly complex system (with
bio-printing applications with an obvious range), represented for normal skin in
Figure 3.9, much more complex than only the epidermis, skin that we will have to
attempt to reconstitute via bio-printing.

1- Sweat pore

2- Dermis-epidermis junction
3- Sensory nerve

4- Epidermis

5- Dermis

6- Hypodermis

7-Vein

8- Artery

9- Hair

10- Corneous layer

11- Pigmented layer
12- Keratinocytes

13- Melanocytes

14- Arrector pili muscle
15- Sebaceous gland
16- Hair follicle

17- Bulb

18- Nerve

19- Lymphatic and vascular system
20- Sweat gland

21- Pacinian corpuscle

Figure 3.9. Anatomopathological cross-section of normal skin [FUT 17].
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

3.3.2. Bio-printing skin

The general principle of bio-printing skin is presented below in Figure 3.10
(ING 16], see also [MAN 16]). The cells are extracted from the patient via biopsy,
then they are cultivated before creating a bio-printed object that can later be
transplanted. It is normally applicable to other issues (see preceding chapter).
Figure 3.11 from Poietis presents an example of bio-printing keratinocytes on a
decellularized dermis.
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In a repair, it is important to understand how the stem cells that contribute to the
healing of cutaneous injuries participate in this operation, migrate, proliferate and
differentiate to repair a tissue after damage. “A defect in the series of cellular and
molecular events that is activated to repair damage and restore the integrity of the
skin can lead to improper scarring and cause acute and chronic wounds” (Blapain
quoted by Huet and Hugot [HUE 17]). According to Aragona et al. [ARA 17], “the
genetic signature of the cells that actively divide and those that migrate to repair the
injury” suggest that cells protect the stem cells from infections and mechanical stress
to allow a healing process”, comments Sophie Dekoninck, one of the primary
authors of this study (see also [BLA 10, BLA 04]). This research could demonstrate
the ability of stem cells to regenerate a tissue depending on their ability to proliferate
rather than their cellular origin. Considering this information, it will be useful to
examine how it could be taken into consideration in bio-printing skin.

Keratocytes |

Cells ( ]
- Melanocytes ‘
@ » O™

~ Cellular Cells encapsuled

. | suspension | |  Hydrogel ) in the hydrogel
Fibroblasts \‘\\\::"‘ ﬂ _/
' ' ' ‘ Multi-head bio-printing

Maturation Bio-printed tissue

Figure 3.10. Principle of bio-printing (applied to skin). For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

In a synthesis work, Gudapati, Dey, and Ozbolat [GUD 16] present different
methods of bio-printing applied to skin (based on the use of droplets). Figure 3.12,
inspired by their publication, highlights the potential of the different additive
manufacturing techniques to create bio-tissues like skin.
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Figure 3.11. Bio-print of keratinocytes (image generously provided
by Poietis) — see Figure 3.8 for comparison with reality. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

Droplet-based bio-
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; . Electro-
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Figure 3.12. Bio-printing methods usable for bio-printing skin
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Figure 3.13 from Kaelin [KAE 13] illustrates the desired goal: starting with cells
to produce artificial skin that can be transplanted onto burn patients.

into skin

Growth and
Human cells Stem cells 3D printing ‘transformation ’Transplantation

Figure 3.13. Concept of manufacturing artificial skin. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

For Wake Forest [WAK 15], aiming at military applications, the associated
principle of 3D printing is defined by a spatial measurement of the area to be treated,
cellular printing allows the burned zone to be covered and, at a final stage, an
artificial epithelial cover is placed to protect the wound (see Figure 3.14). These
works are in progress (see also [CHN 12]). In the case of burns, the different layers
of the skin are damaged, with a loss of cutaneous cells, fibroblasts and keratinocytes.
In order to allow skin to be bio-printed, one ink contains cells mixed with fibrinogen
and collagen and the other contains thrombin, which promotes adhesion between
layers. A digitization of the wound helps identify the shape to be printed, an object
made up in the following way: fibroblasts (deeper layers of the new skin), then
karatinocytes to create superficial layers of the epidermis. Similar activities exist in
Japan [MIN 16].

According to Riviere [RIV 10], tomorrow, a printer placed atop a serious burn
patient’s wounds may then be able to deposit a fine layer of skin matrix to allow
complete and rapid scarring, which will greatly minimize the risks of infection and
recourse to grafts, particularly inesthetic and with the risk of rejection. However,
according to Guillemot [GUI 15], “the obstacle that remains is allowing tissue
vascularization. In other words, gathering cells that will form small blood vessels
present in the skin. It will only be possible to proceed to the graft when the skin is
successfully vascularized...”.
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Figure 3.14. Repairing a burn (drawing inspired by [WAK 15]).
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

In late 2015, the University of Lyon might have provided a proof of concept with
the integration of viable cells and the generation of an extracellular matrix, so also
possibly, before too long, 3D printed skin available for a graft. The 3D printer’s ink
cartridge releases a culture of living cells that, during printing, will reconstruct the
different layers of the dermis. During this initial stage of the proof of concept related
by Pourchet [POU 15] and Barnouin [BAR 16a]:

—cellular tissue was successfully printed and seemed to behave similarly to
human skin;

—the “printed” cells survived and their growth continued after the printing
process;

— the cells ended up generating a living dermal tissue;

—after 3 weeks, the dermis and epidermis seemed reconstructed, took on
pigmentation and formed a tissue similar to human skin.

“These first promising results create hope for easier autologous grafts — those
from a culture of the patient’s cells — especially for serious burn victims, and they
could confirm the potential of 3D printing in the field of regenerative medicine”
[SAN 16a, ALE 16].
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Very recently, Magnier [MAG 16] points out (see paper by Takagi et al.
[TAK 16]) that the team successfully transplanted skin cultivated in a laboratory
onto mice. “The researchers removed cells from the gums of a mouse and
chemically transformed them into induced pluripotent stem cells (iPSC). This
technique, developed in 2006, allows the iPSC to develop into nearly any organ, and
thus possibly the skin. Once transformed into artificial mouse skin, the scientists
grafted the created cells onto mice presenting a deficient immune system, allowing
the new skin to develop more easily. The artificial skin still does not have the
appearance of ‘normal’ skin, but was correctly developed based on natural tissue, so
well that hair appeared on it and that the skin perspired normally. Above all else, this
is one of the most important points during a transplant, and the new skin was able to
connect to the nearby nerves and muscles. There are various applications of this new
skin: replacing animals in tests conducted with cosmetics, allowing ill or burned
patients to receive artificial skin grafts, etc.”. These methodologies compete with
classical techniques (e.g. skin banks) or with other emerging subjects like the use of
fish (tilapia) skin that contains collagen proteins essential for healing [THI 17].

3.3.3. Conclusion

The CellMistMC and SkinGun technologies developed by RenovaCare are the
fruit of nearly a decade of research aiming to find the most efficient means of
accessing the regenerative properties of a patient’s skin stem cells, and the best way
to apply them to come to grips with the most severe wounds. Initial assays show that
notable improvements appear after 4 days [EST 16]. Alternative treatment
technologies are developing in the field.

Obviously, the complexity of the skin is not accessible to current bio-printing
technologies in order to create a “faithful copy” of the healthy tissue that should be
implanted. The question, as in the case of bio-printing, is indeed finding the right
composition and shape to be put in place so that the bio-printed tissue quickly serves
for repair. In any case, it is not yet foreseeable to reintegrate pigmentation or hair
into the bio-construct, the priority clearly being to induce vascularization
(angiogenesis; [SAR 15, RIC 16]), unless we settle for a slightly more intelligent
tissue than current dressings.

3.4. Bone

Bone is among the most studied tissues because it has already been the object of
prosthetists’ works for years; in fact, it is the emergence of additive manufacturing
processes that brought their attention back to the application with generally metallic
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or ceramic implants [CHA 02], as was shown in volume 1. The aspects of
mechanical strength (beyond the biological part) in 3D printing are important (see,
e.g. [BAR 15, QUE 16]). In section 3.3, the idea is to examine how exogenous
implants can be avoided using bio-printing principles.

Bibliographic analysis, as was done for the other preceding examples, reports a
higher number of publications (more than 1,000 compared with some 200 for
cartilage and skin). Figure 3.15 presents the evolution of this number over time. As
in the two previous cases, development takes place around 2012 after a much slower
increase. In addition, as with the other two examples, the acceleration for recent
years is notable.

Number of publications/year

Figure 3.15. Publications with the two keywords: bone and 3D printing

3.4.1. General remarks on the composition of bone

Bones form the rigid and resistant part of the human skeleton. “A bone is made
up of six different kinds of tissues:

1) the periosteum is a fibrous membrane that covers the bone, except for the
articulations;

2) the compact bone, uniform and very dense, is made up of cylindrical
elementary units called osteons, made up of layers called lamellae, juxtaposed like a
roll of paper;



Some Examples of 3D Bio-printed Tissues 197

3) the spongy bone resembles a sponge with its bony lamellae defining countless
cavities;

4) the articular or hyaline cartilage, which covers the extremities, looks like a
rigid but still elastic jelly under a microscope;

5) the bone marrow or red marrow fills all the cavities of the spongy bone,
producing 100 to 150 billion red blood cells and 1 to 30 billion white blood cells
each day;

6) the yellow marrow, a fatty mass that fills the center of the diaphysis of long
bones in adults” [ATL 17].
3.4.1.1. Chemical composition

“The living part of the bone contains 1% of proteins that form a matrix, bone
cells or osteocytes, collagen fibers, and the marrow cells. It represents a third of the
bone’s total weight. The mineral part of the bone contains a large proportion of
calcium phosphate and a bit of iron, fluoride, and mineral oligo-elements. It
represents two third of the bone’s weight” [ATL 17].

3.4.1.1.1. The functions of the bone
“The bone ensures four large functions:

1) Support: the skeleton serves as an anchoring point for all of the muscles and
soft organs. It supports the weight of the body in every position.

2) Protection: the cranium protects the brain; the thoracic cage protects the heart
and lungs; the vertebrae cover the spinal cord.

3) Storage: bone contains 99% of the body’s calcium and phosphorous reserves.
4) The formation of red and white blood cells in the red marrow” [LEC 17].

According to the same source, Figure 3.16 presents a typical bone with the six
kinds of tissues numbered.

Once again, this is a complex system. However, the success of different kinds of
classical prostheses leads us to think that in what professionals do not (yet) know
how to copy, Nature will assist, so long as a certain number of precautions are taken.
It is these attempts that are presented below.
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1- Periosteum

2- Compact bone
3- Spongy bone
4- Cartilage

5- Bone marrow

6- Yellow marrow

Figure 3.16. Cross-section of a long bone. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

3.4.2. Bone bio-printing

As illustrated in Figure 3.16, the bone is complex from both a morphological and
composition standpoint, with living elements and chemical support structures. At the
same time, the latter component can serve as a support to the bio-construct during
manufacturing and for repair (so long as the mechanical quality of the structure is
acceptable).

Biological ceramics play an important role among the materials used in the body
to repair hard tissues; calcium phosphate ceramics in particular have a chemical
composition similar to the mineral framework of bone. “Bioactive, they are
considered mineral bone by the bone cells” [OSS 16]. Creating a bone poses a
certain number of questions in terms of biocompatibility and mechanical properties
(as close as possible to those of natural bones), being easily usable in an operating
room at an acceptable cost. Various teams have dedicated themselves to this topic
for years, though without yet satisfying all of these constraints at once [GOU 16].
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3.4.2.1. Inert materials and structures

Most reconstructions are done with inert and porous materials based on
hydroxyapatites with recolonizations above 70% according to D. Nimal
(Osseomatrix), founder of the Assises de I’AFPR [AFP 16]. The question of the
supports’ porosity has been studied by Pina, Olivera, and Reis [PIN 15] and by
Santoro et al. [SAN 15] with measured effects on intercellular communication.
However, traditional materials without sufficient flexibility, a formulation based on
90% powdered hydroxyapatite, and an elastomer, poly-caprolactone, already used in
the medical field, allow satisfactory mechanical qualities and good -cellular
recolonization (tested on animals) to be achieved [JAK 16, JAC 16, MAN 16].
Figure 3.17 presents one of the qualities of this material, its flexibility (other
materials exist with similar properties: see [SEN 16]).

Figure 3.17. One of the interests of the hydroxyapatite—poly-caprolactone couple:
elasticity. For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

Other compositions have been proposed (see Richards et al. [RIC 16] for a
general article): hydroxyapatites and gelatin by Wang et al. [WAN 16]; acrylates
and other polymeric compositions by Visscher et al. [VIS 16] and Miao et al. [MIA
16]; hydroxyapatite/hydrogel couples by Bendtsen, Quinnell, and Wei [BEN 17];
silk thread reinforcements by Jackson [JAC 16a] and Compaan, Christensen, and
Huang [COM 17]; calcium silicates by Pei et al. [PEI 16]; etc.

3.4.2.2. Other elements

Herberg et al. [HER 14] show the interest of using growth factors in the quality
of the cellular recolonization. Shim et al. [SHI 16] introduce stem cells into the
construct with significant performances (system using a hydrogel made up of atelo-
collagen and supramolecular hyaluronic acid with the use of two extracellular
matrices).
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In short, all the possibilities have not yet been explored from an experimental
standpoint and it is likely that this game of trial and error will find serendipitous
solutions.

3.4.3. Conclusion

Llopis-Hernandez et al. [LLO 16] use a new technique associated with a polymer
(ethyl acrylate): this polymer allows growth factors to be efficient at doses roughly
300 times lower than those classically used. The consequence is a reduced risk of
side effects (but also a reduced cost of treatment). According to the authors, this
polymer sublimes the action of the growth factors by facilitating a reaction with
fibronectin, a protein that attaches itself to the growth factors to allow tissue
regeneration, whereas the absorption of growth factors is limited in current, BMP-2-
based therapies. For the moment, this material has multiple uses, for example, as a
cover for hip prosthetics, for bone grafts or in vertebral column repairs. To the
author’s knowledge, this kind of material has not been used for bio-printing. It is
thus a possible study route corresponding to the search for directly or indirectly
active materials of cellular growth.

This piece of information, among others, makes bio-printing technologies
competitive with other methods. For bone, it seems that the current techniques
briefly presented in section 3.3 may be able to assist in bone repair.

3.5. Bio-printing and cancer

In a bibliography of a few dozen publications, it seems that bio-printing
technologies that gather cells have a great potential for applications in cancer
research [KNO 15]. Bio-printed cancer models actually represent a significant
improvement in relation to two-dimensional models, as they mimic the complexity
introduced by the third dimension by facilitating cell-cell and cell-matrix
interactions, which are not taken into consideration in two dimensions. Indeed,
cancer biology research has shown that tumor development is not reduced to a
simple anarchical and uncontrolled multiplication of neoplastic cells, but depends on
numerous interactions between these cells and the host’s tissue elements.
Modification of the extracellular matrix is thus an important step, necessary not only
for invasion by tumor cells but also for their proliferation [CHA 02].

These new 3D models are thus capable of imitating the microenvironment of
tumors, providing a support for a deeper understanding of cancer, for the search for
means of cancer treatment. There are hundreds of known types of cancer and the
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disease is very complex, even in a single type of cancer, which makes the
development of a single treatment particularly complicated. To better understand the
genesis and progression of cancer, there is a need for a physiologically pertinent 3D
cancer model that closely mimics the in vivo tumor microenvironment. Bio-printing
is able to offer the possibility of forming models of highly controllable cancerous
tissues, allowing better understanding of cancerological phenomena. Currently, two-
dimensional models of cancerous tissues are widely used for cancer research,
contributing to the basic knowledge of this disease’s biology.

Moreover, as has been pointed out, there is a possibility of using a patient’s cells
to create a bio-printed tissue. This means that it is possible to test medications/drugs
on this cell system with appreciable effects (however, over short periods).
Personalized medicine consists in treating each patient individually as a function of
the genetic and biological specificities of his/her tumor, but also taking into
consideration the patient’s environment, lifestyle, etc. In this approach allowed by
the mastery of bio-printing, it is possible to create tests without an obligation to go
to the molecular level. This axis should thus be developed in the future.

The expression of proteins, expression of genes, profiles of proteins, cellular
markers, migration, morphology, proliferation, viability and response to medications
are many factors that differ between the 2D and 3D cancerological models.
Although 2D cultures already offer information concerning the pathogenesis of
cancer, it is preferable to expose the cancerous cells to cell-cell and cell-matrix
interactions that they would encounter in vivo to obtain the most pertinent results
possible, physiologically speaking. Thus, studies on cancer using 3D models have
already allowed more precise representations of cancerous tissues in terms of the
tumor microenvironment and biological behavior with a controlled spatial
distribution of cells to be obtained, which is crucial to developing early-stage
diagnosis and optimal cancer treatment strategies.

3.5.1. Examples

A recent study [ZHA 16] was interested in a 3D printing process to construct a
model of in vitro cervical tumors in which the HeLa cells were embedded in a
gelatin, alginate and fibrinogen hydrogel. This model, created in 3D, was compared
with 2D models. The comparison shows notable differences in cellular proliferation,
the expression of matrix metallo-proteinase (MMP) protein, and the cells’
chemoresistance between the 2D and 3D tumor models. More than 90% of the
cellular viability was obtained in the bio-printed 3D model and the cells proliferated
at a higher rate than in the 2D culture. The 3D HeLa cells also formed 3D cellular
spheroids in contrast to the single-layer organization of the cells formed in the 2D
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culture. These differences may come from cell-cell and cell-matrix interactions
present in 3D culture conditions. The expression of the MMP protein in the HeLa
cells was also shown to be greater in the 3D printed models, very likely due to the
functionality of the MMP in the degradation of the MEC. The cells in 3D printed
constructions also presented greater chemoresistance with treatment using paclitaxel
than in the 2D culture. The results of this study using a new 3D cell printing
technique to construction in vitro tumor model help better characterize the formation,
progression and tumor response to cancer treatments (see also [BUR 16]).

3.5.1.1. Tumor heterogeneity

The tumor environment presents heterogeneity and complexity of its
microenvironment. These particularities can be reproduced through printing using
bio-inks containing different cell types, different extracellular matrices and different
biomolecules [XU 11, YAN 15]. Heterologous constructions containing tumor cells,
endothelial cells and macrophages can be manufactured with a high degree of spatial
control via bio-production to reproduce cell—cell interactions. In these constructions,
the initial cell density can also be controlled to closely imitate the elevated cell
density of a tumor and reproduce the cell-cell markings that are known to play a
significant role in the behavior of cancerous cells. Moreover, 3D models printing
cancerous cells and blood vessels allow real-time surveillance of the cancer
metastasis process, including the invasion of tumor cells. It is thus possible to study
a wide range of cancer types by printing different combinations of cancerous cells
and surrounding cells to model the evolutions of cancerous metastases in a large
range of tissues simply by reformulating the bio-ink. The gradients of biomolecules,
which play a significant role in cancerous chemotaxis and metastases, can be
generated using 3D printing methods to reveal the molecular mechanisms of
biochemical sensing.

3.5.1.2. Angiogenesis and tumor vascularization

Huang et al. [HUA 14] have proposed a new method to examine cellular
behavior and the effect of new drug candidates. In this research, the cancerous cells
and the normal cells were sown in 3D printed biomimetic microstructures to study
the differences in cellular migration between the cell types. The permeability and
weak organization during the formation of vessels are distinctive characteristics of
cancerous tumors. These particularities imply a different reaction when cancer
medications are administered, hence these models are important considering these
criteria.



Some Examples of 3D Bio-printed Tissues 203

3.5.1.3. Fundamental research

Panagiotakopoulou ef al. [PAN 16] have studied the migration of cancerous cells
through very small meshes (performed through additive manufacturing). This work
contributes information about the relation between the environment’s mesh and the
size of the cells in relation to the interactions that they have with their near
environment. This type of laboratory investigation thus participates in better
knowledge of the processes of transporting cancerous cells through the body.
According to Regnault [REG 17], the development of a tumor exerts a force on
neighboring tissues.

In the same logic, Santoro et al. [SAN 15] have shown that the pores within the
bones have a significant effect on the way in which the cancerous cells operate and
propagate. The outside structure of the polymer synthetic bone contains artificial
pores that limit the flow of liquids and apply a shearing constraint on the tumor
cells. By causing the structure of these 3D printed supports and of the pores to vary,
it was possible to change the flow of different liquids as well as the degree of shear
stress. The combination of hydrodynamic shearing and deposition of the support
creates different levels of protein production.

3.5.2. Conclusion and perspectives

A key advantage of the 3D microenvironment in comparison to the traditional
2D cell culture is the ability to obtain more precise and reliable data from the model.
Studies using 3D in vitro cancer models rather than 2D models show a greater cellular
viability, more physiologically pertinent proteinaceous expression profiles, a higher
proliferation rate, greater chemoresistance to cancer medications and characteristics of
real tumors. High output manufacturing contributes to the better characterization of
tumor formation and to progression of and response to cancer treatments.

The absence of a direct correlation between the genetics and physiology of
animal and human models currently limits our understanding of the way in which
cancer cells behave in humans. Living microarchitectures printed using human cells
are more realistic for the creation of disease models. In the interest of developing
more efficient cancer treatments, a large quantity of information remains yet to be
discovered and these studies can be accelerated using bio-printed cancer models.
The current applications of bio-protection for cancer research allow new
experimental procedures for the manufacturing of 3D cancer models to be
established in order to pursue new discoveries in cancer biology or to test clinical
treatments. Other studies on bio-printing will allow the high output manufacturing of
3D cancer models to shed light on the underlying mechanisms of the disease’s
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progression, the study of the behavior of cancer cells, drug screening and the
development of efficient clinical treatments.

These modeling systems have the potential to be the experimental bridges to new
clinical techniques through which a tumor model specific to the patient can be
created in vitro. Bio-inks can be generated through the proliferation of cancerous
cells removed using a sample of the given tumor or a tumor bank. This would allow
in vitro medical treatments to be tested by providing information on the most
efficient type and dose of medication and by developing a personalized cancer
treatment for the patient.

DEFINITION.— HeLa cells: cancerous cell line used in cellular biology and medical
research.

DEFINITION.— Matrix metalloproteinases (MMP): Matrix metalloproteinases (MMP)
constitute a family of proteases implied in the proteolytic degradation of numerous
proteins in the extracellular matrix. These proteases play an important and complex
role in several steps of cancer progression.

3.6. General Conclusion

Personalized and precision medicine, which is starting to emerge in practices, is
also very promising. For example, genetic therapies could, through an analysis of
the patient’s genome, allow the development of customized pharmaceuticals adapted
to his/her pathology. Success is becoming more and more common in publications;
for example, in regenerative medicine, it was possible to recreate a human intestine
using stem cells. The organ was created in vitro and is functional [WAT 14]. The
domain is greatly developing (see, e.g. [MAO 15, HUT 15, MIT 16, QIA 12]) and it
could be wise to examine how these two promising futures can be associated. It is
true that it is an ambitious proposition to support interdisciplinary projects on
unstable bases. However, this is already what is starting to develop in bio-printing
with the addition of growth factors in bio-printed tissues.

It will be understood that, alone or supported, bio-printing represents an “immense
project” that has some elementary bricks in place (still quite few in number) to show
its determination to produce results with public uses in reparative medicine. Only
some examples were presented, whereas we could have discussed other organs such as
the heart, kidneys or liver. However, in the end, the same issues would have been
shown. Even if proofs of concept exist beyond now classical applications of
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additive manufacturing for prostheses, research work (still) remains yet to be
accomplished before seeing bio-printing technologies arrive “to a store near you”.

However, as has been shown, this work is still young and it is not unusual for the
current infancy, imprecisions and desire to be the first on an essential subject to be
clearly visible. This is because these are pioneers that the research system is
supporting. Thus, once again, let us wait a few years before passing any judgment.

In any case, the proof of the performance of bio-printing in terms of repair
implies a real robustness of methods (very low failure rate, lifetime of the tissues
and organs adapted to people’s life expectancies), a duration of the “repair”
operation adapted to the issue and an “acceptable” cost; in short, taking this position
is practiced in the most diverse fields of medicine, in the running with what is being
done better for a given end. The situation that aims to use bio-printing for toxicology
and cancer studies is, it seems, “easier” in that the time constraints are not the same
and the quantities of biological materials to be used are lower. Maybe the increased
reliability of this domain should be considered with great interest (see, e.g.
[NGU 17, NGU 16])?

Despite certain fears, we are still far from the emergence of groups of bio-
hackers and “participatory biology” bio-printing laboratories (see Volume 1). A
report quoted by Morin [MOR 14] mentions a parliamentary study on the “Stakes of
synthetic biology” performed in 2012 and submitted to the government. It examines
the risks: “the worries awakened by these activities result from the accumulated
facilities to do synthetic biology” but “scientific and financial obstacles present
garage biologists from performing works that could have marvelous ends” (see also
[DEL 13]). It is thus necessary to wait. Nevertheless, beyond the aspect of bio-
printing technologies’ attractiveness, an ethical approach is proposed in the next
chapter.

If the emergence of this domain must be allowed and if we want it to be able to
fulfill its promises, it certainly must be helped along; however, as Figure 3.18 from
Irvine and Venkatraman [IRV 16] reminds us, it is necessary to consider a very large
set of parameters to successfully achieve its goal (by initially disregarding
interdependences, some of which are known to be critical). This poses questions of
scientific knowledge, but also of a successful heuristic approach for the exploration
of the complexity (which will be the object of Chapter 5).
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Figure 3.18. Some elements to consider for bio-printing. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip
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4

Ethical Issues and Responsible Parties

“In this technical and epistemic context, which makes it credible, the
hypothesis of convergence imposes itself all the more as the
biotechnologies and nanotechnologies refer to a single model of
technical action, which is manufacturing”. [LAR 17]

“I think now it will only take a few words to update the point of
resemblance between watchmaking movement and a body. It is quite
simply that the latter also has a solid support — the aperiodic crystal
constituted by the hereditary substance — largely removed from the
disorder of thermic agitation”. [SCH 44]

“If our cells are free, their organization must obey the principles of
economy or ecology that structure societies or ecosystems. In an
ecosystem like the forest as a whole, there are general regulation
phenomena that control the temperature or composition of the ground.
However, there is no genome of the forest that, programming each of
the inhabitants, ensures the realization of global phenomena.
Homeostatis, that is, the constancy of the inner milieu of the forest, is
not written anywhere. There is no nature police”. [SON 00]

“The culture of impudence is also the culture of irreverence, of
demystification, and of the devalorization of ideals”. [WUR 77]

“The engineer works with respect towards dignity and for the
performance of services for his/her neighbor, without distinction of
origin, social position, and worldview”. (Manifesto of the VDI
(Germany) in 1950, quoted by Didier, [DID 08])

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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“The pretention of science to dissolve in the anonymity of the
mechanical, physical, and chemical environment, those centers of
organization, adaptation, and invention that are living beings...
Hence the insufficiency of all biology that [...] would like to eliminate
any consideration of meaning”. [CAN 65]

“Doesn’t modern civilization [...] run, by the very fact of scientific
progress, a mortal risk? In the future, it will be necessary to fight
against scientific pride and control its realizations: the question is
knowing if the educated have the right to be disinterested in the
consequences that can be deduced from their research and
discoveries”. (Isaac [ISA 23] quoted by Kaspi, [KAS 02])

“In fact, the mechanisms that increase or reduce the risks remain
relatively opaque and have not been mastered”. [DEC 01 ]

“We then count on technical progress to later escape the problems
that we encounter and that we know are real — practices and attitude
we have not escaped”. [LER 11]

“Doesn’t risk finally appear to be the diminished and reductive
manner in which Man in techno-scientific societies, no longer
managing to give meaning to his unhappiness, notices what is
happening to him”. [DUP 02]

“‘The next battle for the freedom of the Internet could deal with 3D
printing’ proclaimed a headline on the renowned technology blog,
TedCrunch, in August 2012”. [MOR 14]

4.1. Introduction

In Volume 1, the desirability aspects of additive manufacturing were the object
of the author’s interest, but then reflection was essentially focused on the
technological dimension of the technology. Its social acceptance, with the publicity
of uncontestable scientific success (see, e.g. the recent publication by Zhu et al.
[ZHU 17] on the manufacturing of blood vessels implanted in monkeys), has
become an inescapable element for realizing projects affecting Man, which leads to
exploring the feedback of a small part of society that has responded to a survey on
bio-printing [ARC 16]. When the living is introduced, these worries, which are
revisited in this chapter, are expanded to an ethical reflection on the possible
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applications of manufacturing tissues, which could aim at an enhancement of Man,
even, why not, a search for immortality.

These two sections are completed by a third part concerning the methods of
functioning (more) responsibly in research; this element furthermore poses the question
of the difficulty exploring convergence situations that bio-printing cannot escape.

4.2. Reflection on the acceptance of bio-printing

NOTE.— The survey presented below was conducted with Natacha Denis
(engineering student at ENSIC in Nancy and holder of a pharmacist’s diploma).

To obtain responses, nothing is more natural than asking questions. The survey through
questionnaires is, in this regard, a practical means of quickly collecting information and an
efficient decision-making tool. Even if there is no miracle recipe to conduct a good survey
and to obtain pertinent results every time, there are incontestable rules to respect at each stage
and to avoid disrupting the respondent [PAP 13]. According to Survey Magazine [SUR 16],
the 10 commandments for a quality survey would be the following:

— establishing clear, precise and operational goals for the survey in writing and then
having them validated by those concerned;

— precisely identifying the goal of the survey (base population) and choosing a
representative sample (the method of surveying by Internet, quick but biased, does not allow
this method of selecting a population);

— choosing a restricted number of quotas and having recourse to simple quotas rather than
crossed quotas;

— concentrating the questions asked on the single objective of the survey and not adding
useless questions, even if they are otherwise interesting (upon fact-checking, this is what was
attempted);

— organizing the questionnaire into clear parts by going from the general to the specific
and from neutral questions to engaging questions. (The choice of mixing neutral and engaging
questions has been restricted to have a permanent challenging of the questions by
respondents; the order of the questions can play an important role, because one question can
influence another through the “contamination effect”. This must be verified during a pre-test
or the order of the questions must be varied.)

— not multiplying open-ended questions that contribute much less information than well-
formulated, closed questions (there were no open-ended questions);
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—using clear, simple language understandable by anyone (the questionnaire was tested
before transmitting it);

— paying attention to the presentation of the questionnaire and clearly indicating the
instructions and information necessary for the researchers and/or respondents (idem);

— insisting on the need for great rigor (not expressed, as it is important to have a return)
with all those involved in general and particularly in researchers and data entry personnel;

— being prudent in the interpretation and restitution of the results by being well aware of
the margins of error (this is the goal of the discussion of this survey work).

What is the maximum length of an online questionnaire?

According to Dussaix [DUS 09], it has been noted that, generally, the shorter a
questionnaire is, the more efficient it is. There is always a great temptation to add questions.
“There is no need to hesitate to delete questions that are not directly related to the study, even
if they are interesting. It is also necessary to ensure that the questions are not doubled (unless
there is a need to verify the validity of the response). The length of the questionnaire largely
determines the number of people who will accept to respond to it. The longer the
questionnaire is, the greater the fatigue felt and the less precise the responses are. When the
questionnaire is too long, those surveyed tend to do a rush job or give any response”. Quick,
inaccurate responses are given to the last questions when the survey is too long!

A good survey generally has 20 to 25 questions. Beyond this, the term “expert survey” is
used. They are not highly compatible with the desired relation with the general public. A
series of 10 to 12 extra closed-end questions make the survey boring. One trick thus involves
breaking the rhythm of the survey then by adding an open-ended question in the middle or an
image that distracts the respondent. Neither the questions themselves nor the questionnaire as
a whole should be overly long. The time necessary to respond must be calculated so as not to
allow boredom. Overly long questionnaires bore the respondent and negatively influence the
response rate and the quality/reliability of the responses received!

Box 4.1. Framework of a survey

The survey concerning bio-printing essentially aims at the perception by the
public. The response to each question can be significant when deciding to launch
certain research and ethical reflections. It also allows examination of the research
subjects that could be developed. The survey conducted online in April/May 2016
exploits the questioning methods of works conducted by professional investigators,
questions having been introduced in the text in a slightly surreptitious manner so that
the respondents’ attention is not focused on certain questions central to this work.
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4.2.1. Raw survey data

We initially proposed a series of 21 questions to students and university
personnel (teacher-researchers, researchers, doctoral students, technical and
administrative personnel); in addition, a certain number of people in our/their
surroundings agreed to respond to this questionnaire. This allowed a rather
significant sample to be established (n = 320 respondents), even if this cannot be
considered representative of the French population. Furthermore, the greater part of
those surveyed were familiar with science, which should definitely accentuate the
imbalance in responses compared with future national studies. It is in the
comparison of the results and the cross-fertilization of the information obtained that
the interest of this finally original study lies. So as to be able to compile the
responses as fast as possible and have a clear and easy-to-use interface, we
conducted the questionnaire through a Google Documents form. This allowed the
evolution of the responses to be followed in real time.

According to the way in which they are formulated, the questions can provoke
effects and reactions related to psychological or psychosocial phenomena in the
respondent. These are the subject’s defense mechanisms. Indeed as a classical trend,
every individual will try to defend, even quite unconsciously, a certain image of
himself/herself, or a certain integrity-unity of his/her person in the face of this
questioning of confronting a questionnaire, especially when it is related to one’s
health and privacy.

According to Giezendanner [GIE 12], the tendency to acquiesce is a systematic
response error that is magnified by tendentious wording, so we obtain answers that
are totally suggested by the question. For formulations like, “Stricken with a serious
illness, only bio-printing can save you, but with only a fifty percent chance of
survival, would you be willing to test its use? Yes — No”, the expected/desired result
seems rather clear. To counter this tendency, we have:

— Reduced the number/avoided binary closed-end questions (Yes/No, True/False,
etc.), switching from time to time when asking an individiual’s personal opinion.

—Had recourse to the principle of alternation by varying the wording of
questions so that the response is favorable or unfavorable to the same opinion.

— Formulated questions in the positive/negative.
— Alternated positive and negative propositions at an array of levels.

— Alternated the questionnaire’s favorable and unfavorable wording.
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— Reduced the number of questions like, “Do you agree with...” “Do you admit

that...”

— Asked the same question twice by reversing the question, that is, making 2
counterbalanced formulations after one another.

There was an attempt to consider these remarks in the survey itself. The results
thus obtained are gathered below. Color versions of the graphs are available at

www.iste.co.uk/andre/printing3.zip.

Question 1

Have you heard of “traditional” 3D printers?

Yes: 307 [97.2%
No: 9 2.8%
Don’t know: |0 0%

Question 2

Have you heard of bio-printing?

Yes: 174 |55.1%
No: 141 | 44.6%
Don’t know: |1 0.3%
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Question 3

If yes, do you remember where?

Internet: 75 135.9%

In person: 48 |23%

Literature (newspapers, magazines, publications, etc.) |76 |36.4%

Television 61 |29.2%
Other 20 [9.6%
Don’t know 28 | 13.4%

Question 4

In general, would you like to know more about the evolution of this subject and
its potential applications?

Yes: 255 [81.2%

No: 19 6.1%

Don’t know: |40 12.7%
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Question 5

Will this technology improve health and quality of life?

Yes: 232 | 73.7%

No: 8 2.5%

Don’t know: |75 23.8%

Question 6

Is printing living material still science fiction or close to reality?

Science fiction: |74 |[23.6%

Reality: 211 [67.2%

Don’t know: 29 19.2%
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Question 7

For you, how far can/should bio-printing go?

Tissues (skin, bone, etc.): |237 |75.2%

Organs: 226 |71.7%
Cloning: 12 [3.8%
Don’t know: 21 |6.7%

Question 8

Stricken with a serious illness, only bio-printing can save you, but with only a
fifty percent chance of survival, would you be willing to test its use?

Yes: 228 |72.2%

No: 32 110.1%

Don’t know: |56 17.7%
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Question 9

In the future, would you be willing to test bio-printing if the situation allowed?

Yes: 218 |69.2%
No: 41 13.0%
Don’t know: |56 17.8%

Question 10

Do you hope that bio-printing will one day be used routinely in medicine?

Yes: 242 | 77.1%
No: 27  |8.6%
Don’t know: |45 14.3%
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Question 11

If so, by when?

A few years: 56 |19.5%
Ten years: 113 |39.4%
Several decades: |70 |24.4%
Don’t know: 43 15%
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Question 12

What could be the derived uses of this technology?

Sports: 149 | 47.2%
Military: 172 | 54.4%
Cosmetic surgery: |174 |55.1%
Rejuvenation: 155 |49.1%
Cloning: 190 ]60.1%
Other: 35 11.1%
Don’t know: 30 9.5%
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Question 13

Imagine you are too short; would you be willing to pay to have your legs
extended thanks to bio-printing through the conception of new bone tissue?

Yes: 17 5.4%

No: 274 | 87%

Don’t know: |24 7.6%

Question 14

If yes or maybe, how much would you be willing to pay?

1000€: 6 3.4%

10,000€: 12 6.7%

100,000€: 0 0%

Don’t know: |161 |89.9%
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Question 15

If it were one day possible to develop structures such as a heart, a finger, etc.

does this pose a moral issue?

Yes: 65 20.6%

No: 238 |75.3%

Don’t know: |13 4.1%

Question 16

Among the following uses, which would increase your

trust in this new

technology?
Regulation: 242 |76.8%
Reliability: 223 [70.8%
Medical control: 239 |75.9%
Ethics committee: 223 70.8%
Reimbursement by social security: |68 [21.6%
Preliminary testing on animals: 120 |38.1%
Other: 16 [5.1%
Don’t know: 9 2.9%
) 50 100 150 200
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Question 17

With more and more affordable machines (a few thousand €), will the possibly
resulting market be controllable?

Yes: 79 25.1%
No: 172 | 54.6%

Don’tknow: |64 |20.3%

Question 18

By whom?

The State: 129 |47.1%
Medical professionals: 159 |58.0%

Companies using bio-printing: |73 |26.6%
Other: 24 | 8.8%
Don’t know: 57 [20.8%
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Question 19

To this end, should there be a legal framework to control the use and evolution
of bio-printing?

Yes: 301 |95.6%
No: 6 1.9%
Don’t know: |8 2.5%

Question 20

How old are you?

Under 18: |4 1.3%

18-24: 59 [18.7%
25-34: 57 |18.0%
35-49: 92 (29.1%
50-64: 65 |20.6%

Over 65: 39 112.3%
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Question 21

What is your occupation?

Student: 73 |23.2%
Higher education and research personnel: 144 | 45.7%
Farmer: 0 0%
Craftsman, retailer, company director: 1 0.3%
Liberal profession, senior executive: 45 | 14.3%

Intermediate profession (technician, supervisor, etc.): |10 |3.2%

Employee, worker: 8 2.5%

No occupation or retired: 34 {10.8%

4.2.1.1. Critical analysis of the raw data

First of all, the foundations of social agreement on the development of bio-
printing as a desired means of caring for and repairing damaged tissues, even more,
are confirmed by this survey, with the same trends toward an individualistic
approach. In view of the respondents’ occupations, the numeric significance of
people working in higher education and research can be highlighted. It represents
45.7% of the population of participants. It was also noted that a student population
represents one-fourth of the people who responded and around one-tenth for liberal
professions, senior executives, and for the category with no occupation or retired.
These categories will be considered in the analysis. The division of the age
categories is relatively homogeneous. All age categories are represented, however,
with one leading category: that of 35-49-year-olds at 29.1%. The categories for ages
18-24, 25-34 and 35—49 are proportionately similar, around 20%. The category over
65 is slightly smaller. Those under the age of 18 can be neglected. It will be
interesting to later study the responses by age group. However, with a still
very modest worldwide volume of scientific publications on bio-printing (roughly
1,000-2,000 in peer-reviewed journals at the end of 2016), the university population
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that participated in the survey is probably no better informed than the general
population; the respondents have been informed by different media that have
sensitized them to the emergence of bio-printing, maybe even the survey itself. In this
context, the essentially university population acts, in the end, as the general population
(but probably with different pretences), which corresponds to an important and
significant result, considering the limited number of respondents (320).

Now, if we deal with the different questions, what seems interesting to point out is
that the respondents are already familiar with 3D printing (either additive
manufacturing or 3D printing) since 97% of the people know this recent technology.
What was not expected is that more than half had already heard of bio-printing (55.1%
vs. 44.6%). This half of the population was familiar with bio-printing thanks to four
means of communication: the Internet, literature, television and interpersonal
communication (this number must be compared with the 50,000-100,000 publications
on 3D printing, which is of the order of 50-100 times greater than that for bio-
printing). This statement stems from either an over-mediatization of the emerging
matter or the fact that certain respondents invented knowledge that seemed possible to
them Let’s not forget that, in a recent work by Bayon and André [BAY 15], it had
been shown that in a framework far-removed from this subject, that of wind turbines,
university respondents had a tendency to respond in a positive way much more often
than the general population, even when they had no credible quantitative elements.

Thus, in the selected case of wind turbines, it was asked that they propose the
quantity of energy necessary to manufacture, install and maintain an onshore wind
turbine relative to what it can produce during its average lifetime (20 years). The
calculation made using the data available to us reported an “energy cost” relative to
the order of 10%. Yet, with an essentially scientific cohort (with roughly 30% of
respondents believing not to know), the average value (representing the perception
of those surveyed) is of the order of 30-35% for this energy cost. This means that it
is believed that a third of what the wind turbine will produce during its average
lifetime will be consumed by the establishment of the electricity-producing device.
This kind of result limits the pertinence of surveys, because it poses the question of
the credibility of the views expressed by certain groups.

This kind of result probably indicates:

— a general lack of knowledge on the matter on the part of the intellectual world;

— more asserted knowledge that integrates this kind of renewable energy into the
more general context of electricity production, exploiting gas-fired thermal power
stations to compensate for wind intermittency. Yet, in this case, it is clear that, costs
being added, the average figure proposed is above the 10% reality; or
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—more simply, from a cultural evolution standpoint, an agreement on the
development of renewable energy with modest energy profitability in the framework
of sustainable development. Could the virtuous formatting undertaken in the past
few decades pay off?

However, the subject of bio-printing is recent and has not undergone a “media
hype”, and, furthermore, for this kind of subject, there are not large differences
between “university” populations and the general population. People really seem to
have an interest for 3D printing of the living; indeed, 81.2% would like more
information on this field, but how do they see the technology today: operational or
simply almost mature? The possible game of the respondents to perhaps become
engaged in the possible development of supposed myths of modernity, anchored in
an ever-positive vision of technological progress, a (still) unwavering faith in this
scientific progress and a vision of the Promethean conception of Man. The origin, in
terms of the respondents’ training, could possibly give some indications on this
matter, which would ultimately be very useful.

In the present survey, a very important point deserves to be underlined: for
question 6 concerning knowing whether bio-printing comes from science fiction or
not, 100% of respondents provide a view (deep or shallow as it may be), while for
question 2, only 55% of respondents claim that they have heard of the bio-printing
process.

The survey by Baker [BAK 16] conducted with 1,576 scientists indicates that
more than 70% of researchers have failed to reproduce the experiments of another
scientist, and more than half have not succeeded in reproducing their own
experiments. The data also stem from sometimes-contradictory attitudes towards
reproducibility. Although 52% of the people interviewed agree that there is a
“crisis” of reproducibility, less than 31% think that the fact of failing to reproduce
published results means that these results are probably false. Nevertheless, most say
that they still trust the published literature. More than 60% of respondents said that
the pressure that pushes them to publish research results and the selective
communication of these results always or often contribute to problems of
reproducibility. Among the other factors, more than half emphasized an insufficient
number of replications or low statistical power. Should we think that approximation
is a requirement in the university world?
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Independent of this aspect, among the response biases generally mentioned by
the literature, there is a strong presence of the bias of social desirability and artifacts
of questioning [HER 07, BUT 10]. The former results from the respondent’s will to
show himself/herself in his/her best light [CRO 60]. The latter designates ‘“the
measurement error resulting from the adoption of a specific response behavior by
the respondent in a situation of questioning if he/she believes he/she has discerned,
even partially, the objective of this questioning” [HER 07]. In this research, it is
possible to re-question the existence of these two types of bias in light of the
opportunities presented by the spread of Internet technologies. Numerous
researchers have emphasized that online studies allowed time and effort to be saved
in collecting quantitative data [ARA 00, COU 00, GAL 00, COB 01, GAN 04].
However, their ability to reduce the bias of social desirability and the artifacts of
questioning are not all known. Finally, the question of the value and utility of
uncertainty in discourse and the media begs to be asked, with the consequences of
erroneous responses to surveys [BES 07]. According to McGoey [MCG 09,
MCG 12], uncertainty creates a demand for solutions to the ambiguity that it
perpetuates by encouraging debate on a world to be constructed, and in which the
culture of the respondents is expressed. The techniques are, to varying degrees,
dependent on one another with certain coherence among them, which an educated
public can feel. The novelty disrupting this previous order can then be seen
subjectively in negative, explaining the results; “our desire for certainty almost
always leads us to sacrifice reality to an abstraction that is translated by postulates”
[FUS 75].

In a second part of the questionnaire, the participants were asked for their view
on the potential applications of bio-printing today and those foreseen in the near
future; 73.7% think that this can improve health and quality of life. For 67.2%, it is
thus a reality (while only assemblies of a few tens to thousands of cells are created
for research and tests in cosmetics or medications). It is nevertheless to be noted that
23.6% consider printing the living to be science fiction (this is indeed the question
dealt with by André and Larger [AND 16] on epistemological research concerning
bio-printing). For the participants in the survey, bio-printing can primarily extend to
the printing of tissues and organs. Few, apparently, think of applications in the field
of cloning (see the question of biases).

The trend towards a normative representation, called a bias of social confirmism,
may lie at the origin of this result: through his/her responses, the person surveyed
translates a social and moral ideal, the desire to conform to the social norm. He/She
gives responses in line with social norms, expected responses. In these conditions,
the respondent may tend to idealize himself/herself, to present prestige reactions and
to wish to project a positive image, valorizing his/her person. There is thus a bit of
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lying, exaggeration or feigning of socially well-viewed habits or opinions. He/She
will naturally tend to respond according to what is valued by society, what he/she
considers to be the social norm.

In an Internet survey, it is less likely for the people who respond to the survey to
adopt a facade behavior in the sense that there is “saving place” corresponding to the
fear of being negatively judged through their responses. Someone surveyed in front
of a physical person may wish to make a good impression and give a valorizing
response (as a function of what he/she judges to be socially desirable and socially
valuable), which could contribute to giving himself/herself a certain prestige,
avoiding being negatively judged. This behavior is also translated by the
minimization of opinions, defensive simulation and refuge towards stereotypes (i.e.
socially allowed clichés). But before a computer screen? (Unless he/she believes
he/she can be identified?)

The trust that respondents have in this emerging technology is noticeable: a non-
negligible part of the population would be willing to test bio-printing during a
serious illness with no other alternatives (72.2%), if the situation allowed it (69.2%),
and routinely from a medical standpoint (77.1%). Surprisingly, many people think of
the routine use of bio-printing rather than in serious situations with no therapeutic
alternative. Respondents see the possible use of bio-printing in the medical world by
different deadlines. The views are split: 40% project the application in around ten
years, 20% in a few years and the rest several decades (25%). The opinion for the
use in the scope of esthetics and increased performances is clearly negative at 87%
(see above concerning possible biases associated with the “socially correct”).

Concerning the ethical part, the conception of organs poses no moral problem for
three-fourth of the participants, although 20.6% stated that this is problematic for
them. Furthermore, for 54.6%, the market that could lead to bio-printing machines
will be controllable; 25.1% think the opposite (see reflection expressed in the
preceding chapter on bio-hackers). The population emphasizes two sectors that
could control this market: medical professionals and the State. To a lesser degree,
companies producing the machines could also control bio-printing (!). To increase
their trust in this new technology and its access to the market, the participants want
control through regulation, good reliability of the technology, medical control, and
ethical committees. Preliminary testing and reimbursement by the French social
security system are relegated to the second tier (which may explain why financial
aspects are set aside in these responses). A legal framework to control the use and
evolution of bio-printing seems like evidence for people having responded to the
questionnaire, but, at the same time, these same people would accept human
experimentation if they were strongly affected.



Ethical Issues and Responsible Parties 237

4.2.1.2. Crossed analyses

Two types of analyses were performed, one linked to age and another allowing
us to examine whether there are differences between populations (the general
population and that of the university environment). Table 4.1, presenting the
responses as a function of the respondents’ age, does not allow the existence of a
significant intergenerational disparity to be shown (close to the precision of the
measurements).

Total population | Under 35 | 35-49 | Over 50

Knowledge of 3D printing 97% 96% 97% 99%
Knowledge of bio-printing 55% 52% 57% 57%
Desire for more information on the 81% 86% 79% 79%
subject

Improvement of health and quality 74% 77% 75% 68%
of life

Bio-printing as reality 67% 63% 68% 70%
Bio-printing as science fiction 24% 29% 29% 13%
Bio-printing test if seriously ill 72% 65% 71% 65%
Bio-printing test if the situation 69% 73% 72% 64%
allowed

Bio-printing test routinely 77% 77% 83% 72%
Timeframe for the arrival of bio-

printing

A few years 20% 11% 22% 13%
Ten years 40% 38% 39% 37%
Several decades 25% 30% 23% 16%
Absence of a moral problem 75% 68% 86% 74%
Moral problem 21% 28% 11% 19%
Controllable market 25% 27% 27% 20%
Uncontrollable market 55% 47% 54% 64%

Table 4.1. Significant absence of intergenerational disparity in responses

However, some results emerge (or seem to emerge) that would probably need to
be looked at in greater depth: older respondents have a greater belief in bio-printing
technology, but do not think that the nascent technology will improve the comfort of
their lives as often.
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Table 4.2 corresponds to the analysis of the results concerning the qualification
of the university population relative to the “general” population, as well as to the
same population minus the university population.

Total Total People working
population population in higher
minus the education and
‘“university” research
population
Knowledge of 3D printing 97% 97% 98%
Knowledge of bio-printing 55% 48% 63%
Desire for more information on the 81% 79% 84%
subject
Improvement of health and quality of 74% 72% 77%
life
Bio-printing as reality 67% 65% 72%
Bio-printing as science fiction 24% 27% 17%
Bio-printing test if seriously ill 72% 73% 70%
Bio-printing test if the situation 69% 69% 69%
allowed
Bio-printing test routinely 77% 75% 80%
Timeframe for the arrival of bio-
printing
A few years 20% 20% 19%
Ten years 40% 41% 38%
Several decades 25% 26% 22%
Absence of a moral problem 75% 71% 83%
Moral problem 21% 25% 13%
Controllable market 25% 23% 28%
Uncontrollable market 55% 56% 53%

Table 4.2. Difference between the “general” population and
the university environment in the responses to the survey

If we assume that the university environment has greater knowledge of bio-
printing (maybe because they responded to the survey), that they are slightly more
inclined to consider bio-printing a reality, the greater absence of a moral problem
relative to the general population could be underlined. In any case, there is no
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greatly significant difference in the responses to the survey in the different
populations selected.

4.2.2. General discussion: whom to trust?

Paraphrasing Badiou [BAD 09], it is possible to show that the definition of a
scientific-technological concept and/or activity, as associated with a complex debate
with the public, cannot escape the production of its effects, the multiplicity of its
attributes, such that it can also indeed be said that only the concept exists or that
only its attributes exist. This remark thus imposes an analysis of the “bio-printing”
object in connection with its consequences, within interdisciplinary expertise.
Invisible damage or simply bad choices in the present can show themselves to be
irreversible years later. The inability to anticipate and foresee futures thus imposes a
sharing of the risks and desirabilities between deciders, researchers, and society
[BER 10]. Yet, in a provocative way, but leading to reflection, Brune [BRU 85]
writes, “There is no equivalence between the functional individual and the high-
level technocrat. The former functions in the service of the latter. One serves the
society of consumption production in the measure of its total depolitization; the
other manipulates the technocratic ideology to exercise real power, under the alibi of
the complexity of managing modern economies. Functional normality reinforces the
function of normalizers, those who rise up as specialists of power to better dissuade
the citizen from looking, understanding, and responding”. Do we not also reproach
experts, hence the temptation to support ourselves on another “portmanteau”
concept, the expert citizen [AND 02]. It is indeed on such bases that the principles
of Socially Responsible Research (SRR) were put in place.

The (initially undesired) example of the questionnaire on the wind turbines
[BAY 15] cannot challenge these principles. However, the methods of relating
science-technology-society should probably be revisited to consider a certain
number of elements:

— It is necessary for the researcher not to confuse belief, truth and proof. This is
doubtless a delicate and significant job that originates in current research’s method
of functioning; in fact, it is necessary to take things into consideration between
verifiable elements (which was initially performed before launching the survey) and
conjectures.

— It is important to analyze how the stakes of society, strongly articulated by the
media, can lead (or not) to obscurantist forms of manipulation. In this framework,
this cannot be the “common” culture, borrowed from the socially correct, shared
beliefs that must impose their law on the scientist.
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— The obligation on the researcher’s part to analyze, if it exists, how a false
opinion defended by a minority of people (but who seem convinced that it is true)
can spread [GAL 03, GAL 08].

—The use of the notion of probability to define the reliability degree of a
diagnosis on a scientific and technological project (e.g. from a survey) can lead to
disadvantageous mistakes for society.

— Trust in the public’s views must be analyzed to explain its role controlling
research.

— Putting in place scientific committees to validate projects (beyond those that
grant financing) may not be the solution to the question: criteria of innovation, social
and economic impact, morality, etc., stem from a moment of civilization. The risks
of conservative reactions and a lack of deepening must be foreseen.

It is not, however, a question of coming to the end of the essential question of
seeking harmonious relationships between those who create and those who use (and
who suffer when risks exist), nor between those who stop scientists from researching
in this article. An example that would need to be confirmed is not enough for an
ensured conclusion. Nevertheless, it poses the question of the operationalization of
the SRR principles that still need to be refined.

4.2.3. Preliminary conclusion

In any case, it is difficult to think that objective knowledge, media storytelling,
etc., are obvious advantages to uniformly change the collective behaviors of the
different layers of society, even if, generally, the entire public is rather favorable to
the development of safe medical practices as a solution, though certainly not the
only one, for maintaining good health. Then the question is posed of how to calmly
interact between the science that is being built and the public with obvious ethical
aspects that would have to be taken into consideration (see section 4.2 below).

Anticipation on the side of science and technology must allow wait-and-see
attitudes and reactions in emergencies to be surpassed by ensuring beforehand
behavior analyses, the availability of tools and points of reference to face them, to
honestly encourage the desired (and desirable) future, which implies that the
possessors of scientific and technical knowledge accept leaving their ivory tower by
getting involved in a responsible relationship with the society [NWO 14, AND 13].

However, the survey conducted using the best possible knowledge on the
diversity of the representations (though reduced to the possibility of receiving
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responses) does not allow the estimation of the possibility of having a clarification
of the role/interests of the different actors with their identity facets, to valorize
diversity, and the possibility of more in-depth reflection on particular axes, nor to
search for other partners allowing, as much as possible, the debate to be balanced. In
this sharing of an important share of ignorance, it could have been possible to report
the uncertainties of scientific and technical knowledge, approximations of
knowledge, abuses of interpretation and limits of competence, to measure at least the
extent of the unresolved questions and the question marks. This desired approach
could have authorized taking distance from all (?) the ideologies, overly reassuring
proposals and abusive simplifications. This aspect could thus be considered more in-
depth in another context.

For the “lay” public, going off its perception, assimilating this to the project to
study its relationships supposes that the project’s guidelines can be understood in
themselves, beyond all intense mental activity, short of language [BRE 90]. Yet, this
preliminary maturation work for the debate on bio-printing has not, for obvious
reasons, really been engaged. It is actually very important to take an interest in the
way in which the complexity of the systems can be explored; “how the links of
dependence and interdependence are woven, opening new possibilities, potentially
developing a network of supplementary constraints, modeling the horizon on which
desires, hopes, and fears are projected, determines the concrete framework in which
the others exist” [BRE 90]. Learning to assess, at the level of the “basic” citizen, is a
means of introducing the notion of honest compromise, learning from the problems
of others, in short, returning to a socialization of the sharing. Is it not true that Hans
Jonas [JON 90], in his approach of “fear heuristics”, reminds us that it is necessary
to cultivate a disinterested fear, likely to detect the hazards of the technology? This
is a work to be carried out in another context; in any case, for the researcher engaged
in developing new technological solutions directly or indirectly affecting Man, it can
be difficult to draw closer to the society, all the more as, in the chosen example
(which would require confirmation on other textbook cases), some of those who are
more likely to reflect on the theme provide elements distant from the expected
responses [SCI 14]. Let us then try to invalidate this reflection by Walter [WAL 08]:
“the prophets of unhappiness today are scientists’!
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Bio-printing

Today, everyone has heard of 3D printing. Thanks to this technology, in the medical
world, it has been possible to create hip prostheses, dentures, etc. Today, ever more ambitious
science is investing in 3D printing of the living. Indeed, why not apply this concept to printing
organs: skin, cartilage, bone tissues to reconstruct a bone, muscles, liver, etc. And in the
future, for its replacement or to increase its performances.

1) Have you heard of “traditional” 3D printers?
- Yes
—No
— Don’t know
2) Have you heard of bio-printing?
- Yes
—No
— Don’t know
3) If yes, do you remember where?
— Internet
— In person
— Literature: newspapers, magazines, publications, etc.
— Television
— Other
— Don’t know

4) In general, would you like to know more about the evolution of this subject and its
potential applications?

- Yes
—No
— Don’t know
5) Will this technology improve health and quality of life?
- Yes
—No

— Don’t know
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The goal of bio-printing is to print an “ink” containing specific cels from a patient in three
dimensions on an adequate support. The cells are then allowed to develop to form a tissue.
There are multiple interests of this technology:

— Replacing the use of test animals with human tissues. There would no longer be a need
to test new medications and cosmetics on animals; they could instead be tested on
representative organs;

— Creating living organs or tissues for grafts, allowing their healthy life to be extended;

— No longer testing medications directly on patients: tests on tissues from the patient’s
own cells: Individualized medicine (the right treatment for the right patient).

Thanks to bio-printing, Man could be “repaired”: changing tissues and organs, but also
increased performances (enhanced Man), which could pose ethical questions.

6) Is printing living material still science fiction or close to reality?
— Science fiction
— Reality
— Don’t know
7) For you, how far can/should bio-printing go?
— Tissues (skin, bone, etc.)
— Organs
— Cloning
— Don’t know

8) Stricken with a serious illness, only bio-printing can save you, but with only a fifty
percent chance of survival, would you be willing to test its use?

- Yes
—No
— Don’t know
9) In the future, would you be willing to test bio-printing if the situation allowed?
—Yes
—No

— Don’t know
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10) Do you hope that bio-printing will one day be used routinely in medicine?
—Yes
—No
— Don’t know
11) If so, by when?
— A few years
— Ten years
— Several decades
— Don’t know
12) What could be the derived uses of this technology?
— Sports
— Military
— Cosmetic surgery
— Rejuvenation
— Cloning
— Other
— Don’t know

13) Imagine you are too short; would you be willing to pay to have your legs extended
thanks to bio-printing through the conception of new bone tissue?

—Yes
—No
— Don’t know
14) If yes or maybe, how much would you be willing to pay?
- 1,000€
- 10,000€
- 100,000€

— Don’t know
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15) If it were one day possible to develop structures such as a heart, a finger, etc., does
this pose a moral issue?

- Yes
—No
—Don’t know
16) Among the following uses, which would increase your trust in this new technology?
— Regulation
— Reliability
— Medical control
— Ethics committee
— Reimbursement by social security
— Preliminary testing on animals
— Other
—Don’t know

17) With more and more affordable machines (a few thousand €), will the possibly
resulting market be controllable?

- Yes
—No
—Don’t know
18) By whom?
— The State
— Medical professionals
— Companies using bio-printing
— Other
—Don’t know

19) To this end, should there be a legal framework to control the use and evolution of bio-
printing?

—Yes
- No

— Don’t know
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For our information
20) How old are you?
— Under 18
—18-24
—25-34
—-35-49
—50-64
— Over 65
21) What is your occupation?
— Student
— Higher education and research personnel
— Farmer
— Craftsman, retailer, company director
— Liberal profession, senior executive
— Intermediate profession (technician, supervisor, etc.)
— Employee, worker

— No occupation or retired

Box 4.2. Bio-printing Survey (without figures)

4.3. Ethics and bio-printing

What if all of humanity’s problems were caused not only by outside factors, but
were inherent to our biological and cognitive limits? For millennia, we have sought
to transcend our most fundamental limits. Today, with the advent of new
technological possibilities, some calmly foresee rationally organizing their
transformation towards immortality [MIN 07] and/or the augmentation of their
performances [SUS 12]. In short, the emergence of 3D technologies not only
disturbs society and production, but also poses ethical questions [NEE 15, NEE 16].
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According to Stelarc [LEB 07], the post-human body would be a homogenous
and synthetic machine: a cybernetic, which is a robotic being that would no longer
be subject to the dysfunctions and biological flaws abounding in the human body. In
all its performances, Stelarc’s processes are attached to recreating and refounding
the human being, with the concern of examining and modifying the body. Here, we
see values from modernity being surpassed, for David Le Breton [LEB 90]: “The
cardinal values of modernity, those that are set forth publicity, are those of health,
youth, seduction, flexibility, and hygiene. These are the cornerstones of the modern
story on the matter and its obliged relationship to the body”.

By inverting the modern matter, Stelarc would no longer have only one concern,
that of the body/object in interaction with the technological object. He is pursuing
this modern process of disembodiment and idealization of the body by pushing it
relentlessly not to become only an object and image. This state of urgency is
revealed in all of its performances: all the body’s motor and sensory actions are due
to be amplified and prolonged through the incorporation of prostheses and
interfaces. It constitutes an ideal subject for bio-printing allowing (in principle)
technological exploits applied to Man. Technology, formerly considered a device of
technocratic oppression, becomes a tool of emancipation in this context. From this
nascent post-humanity, Stelarc would be the incarnation of the cyborg, the bionic
man of the post-industrial era, with the tools of his own metamorphosis at his
disposal.

Trans-humanism is hidden behind bio-printing. Today, this is supported by
computer science specialists much more than by researchers from traditional
domains, for example, biologists. Actually, behind trans-humanist propositions, we
may see the appearance of the fundamental debate that will shake science in the
coming years: on the one hand, the followers of “all information” who think that
living beings, maybe even the entire universe, are above all other information
supports that can be transferred to other materials, even compressed or formulated
differently; on the other hand, researchers who, to the contrary, think that the
material support maintains a fundamental importance [SUS 12]. Yet, the
epistemological debate engaged on this subject must be capable of explaining this
important question in the field of bio-printing, which is ultimately rather narrow
(relative to all possible fields).

Steiner [STE 10] draws attention to the place of the commodification of the body
in business between human beings concerning organ transplants. This brings out the
complex process of creating a new social resource: the transplantable organ. In most
cases, the organ is only available after the death of a person: more than generosity,
death is the operator thanks to which societies proceed to separating the resource
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and the person. “Societies have not undergone this redefinition of death passively.
New forms of social solidarity have appeared to accompany the optimal use of
death, this way of acting through which contemporary societies force themselves to
extract everything possible from it to care for the living”. The market normally does
not allow the rich to count on transplantable medical resources allowing their life to
be saved in regulated markets like those in France. “Everything would chance once
the bio-market took on an international dimension, with the trade of transplantation.
Calling on the commercial device would be the euphemized form of social cynicism
on a worldwide scale” [STE 10]. However, by using bio-printing performances,
using one’s own cells and one’s own tissues, this sort of deviation would no longer
take place (especially if this is one day possible to do in one’s own garage with the
help of bio-hackers).

In a fully evolving world, bio-printing multiplies the offers of innovation for a
society avid for the best technology, which incites Man to treat his body as an object
that can always be made more perfect. It is in this “Promethean disposition of Man”
that this technology allows a new consideration of the ill or handicapped body, as it
allows hope for access to effective prosthetic devices. However, the hopes/promises
linked to organ repairs can involve people in forms of dependence associated with
the representation of their image, of their “agism”. Moreover, behind this
proposition of the “repaired” Man full of hope, another vision of the human is
profiled in the background, that of the “enhanced” Man in his physical capacities,
and beyond the field of bio-printing, of his intellectual capacities. These hybrid
connections of prostheses directly integrated into the body are part of the
imagination of an “ideal” human; this is a promise that has not yet been fulfilled by
bio-printing.

Yet, at the same time, it is possible, with a vision of personalized medicine, to
use this technology to study cancer, to test medications on living systems that do not
come from animals (tests on animals are more and more limited in the Western
world), to repair humans (particularly bone, but maybe soon skin and other tissues
or organs, etc.). This technology opens new doors that must be considered.

Thus, upon reading about the elements concerning bio-printing, some ethical
questions emerge, even if the applications are still far off, even hazardous or
science-fiction, but for the author, it seemed necessary to open the debate. Indeed,
must we adopt, why do so, the engineer’s underlying vision? Do we wish to create
an “artifactualized” nature? Will there be the domination of Man by those who
master bio-printing due to extraordinary promises of indefinite repair (killing death!)
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and enhancement? What could be the effects on the population if only a financial
elite accesses this technology’s contribution (maybe still happily become one)? Do
the improvements linked to printing organs constitute improvements of our lifestyle
and thriving?

“Diversity, complexity, imperfection, vulnerability, here is strength of Ulysses,
the force of Man. Ulysses is not seeking to steal the divinity from the gods; he
opposes them with his humanity, which is the key of his freedom. Before the
progress of science, it is not morality that must limit technology, it is reason. The
world that is built to be more human, but most importantly to survive, must be
inspired by the teachings of Homer” [LEO 10].

Chneiweiss [CHN 12] reminds us of article 3 of the European Charter of
Fundamental Rights: “Everyone has the right to respect for his or her physical and
mental integrity. In the fields of medicine and biology, the following must be
respected in particular: the free and informed consent of the person concerned,
according to the procedures laid down by law...”. For Paul Ricceur [RIC 90], “ethics
is the very movement of freedom that seeks a good life with concern for others and
proper use of social institutions”. But in 1926, Bernanos, in the prologue of “Under
the Sun of Satan”, wrote a very hard phrase, but one that clearly illustrates the
subject of ethics for a postmodern society involved in forms of “unhope” [GUI 12]
linked to liberalism today and the unbridled freedom of markets: “Realism is the
good conscience of bastards”. Reflections must be made on than just recipes whose
application has the advantage of perpetuating the new established order to advance.
That is somewhat the stake of this reflection in section 2 of this chapter capable of
serving bio-printing and particularly its evolution. The promises of an ever more
prehensible living are part of a broader context. In the era of digitization, Man could
have made his third historic breakthrough, after the emergence of language, then
writing. Thus, the experience of an individual is more and more transmitted to
him/her and less and less experienced live. The body has never seemed so obsolete
in the face of the “true life” that is spoken, written and computerized, and with the
emergence of new technologies like bio-printing. “Here, we find Plato’s idea of
simulacrum-body, to the point of asking the question: could Man be tempted to free
himself from his body? To do away with this finitude? Unless the materiality of
bodies remains essential? Wouldn’t understanding/taking the body be a means of
improving ourselves?” [VAN 15].
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4.3.1. Framing elements

Wiener wrote these prophetic lines in 1971: “The machine, just like the living
body, can be considered a device that seems, locally and temporarily, to resist the
general trend of growing entropy. Through its capacity to make decisions, it can
produce an organization zone around itself in a world whose general tendency is to
disorganize”. This is indeed the final stake of bio-printing, being able to order living
matter in view of a certain functional determinism. The passions associated with this
project due to the hopes it awakens are very significant in an individualistic society
that has made a determining element of social recognition out of the utopia of the
perfect and eternally young body [SFE 95, MOR 92, KUN 90, LEB 13]. Yet, “the
ethical question par excellence is the question of people who act. The action has the
particularity of placing the actor before an undetermined situation and this is
precisely the greatness of the actor, to choose the orientation to impress upon
events” [FEL 14]. It is difficult not to have a guide, but this allows responsibility
and somewhat forced reflection. Indeed, the existence of unknown risks is inherent
to a deficit of knowledge, but also of coherent and mastered concepts in relation to
the ambitions of bio-printing [POU 06]. It only remains to revisit a rational use of
the precautionary principle.

“Here, we differentiate the external (supported) and internal (implants, hybridity)
systems undertaken. If the former only pose a problem in matters of resisting usage,
training users, or an adapted technological environment, the latter are confrontd by
physical problems of immunity, psychopathology of bodily force, technological
obsolescence, and mastery of energy, each assuming an important ethical aspect”
[CLA 13] According to R&D Taxsavers [R&D 15], in the USA, since 1981, there
has been a “research tax” (unlike the French system) that allows the support of
research:

— on new technological products or processes;
— avoiding uncertainties (improved robustness);
— on experimental processes.

The eligible costs include salaries, assays, research contracts and patenting costs.
It is a question of whether the operation will be extended in the future.

Bio-printing, which is included as a means in the second category, depends on
notions from the sciences of complexity, biology, information and cybernetics. At
the same time, it is an application of computer science, based on reflections on the
nature of information and communication with its associated notions like self-
organization [KAU 93], self-replication, retroaction, coding and digital compression
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[SUS 09, GUI 11, FRE 99, FRE 03]. This is how it can be the object of a “research
tax” credit in the USA.

Acting in the field of bio-printing allows, in principle, interaction to be directly
induced in the bricks, thus the coupling of scientific disciplines (biology) and
technologies like materials science, the microelectronics of computers and cellular
engineering [AGO 14, CCC 12]. Neuroscience will also profit from bio-printing,
even from micro-fluidics: miniaturization can facilitate the implantation into the
brain (and the body in general) of electronic stimulation, data-storage, actuator,
transducer and imaging systems; coupling with the cognitive sciences would thus
allow an influence on education and learning, the formation of ideas, formatting
citizens, even decision-making. What does man then become in the unfolding of this
comprehensive process? Who will think for whom? (see, e.g. the fearful cry of PMO
[PMO 04] in France in another context).

“It is good to question the norms that were believed to be fair, the truths held to
be inarguable. It is through these rectifications, modifications, new contributions,
that humanity has progressed and continues to progress, through a desire, a will to
always go higher, always go further, towards the best. However, the very
widespread error is believing that the new is always better and that there is some sort
of dishonor in not contributing and constantly bringing triumph to previously unseen
principles” [LEV 03]. Actually, a society’s demand for complete (!) well-being
cannot avoid passions and new risks [LIP 06]; hence, this small reflection on ethics
adapted to bio-printing.

Each individual must probably think that there is no problem surviving an
accident or a serious illness, in the best possible conditions, thanks to all the medical
technology like bio-printing, which could be a new element among the panoply used
by medical professionals (see section 1). It may involve considering the body as a
customly reparable artifact, forming the hypothesis that it is possible to modify the
foundations to complete it or make it conform to the idea held of it [LE 13a]. In this
context, Hunyadi [HUN 15] believes that the use of this type of medical technology
is not universally neutral “given that it gives rise to the idea of humanity detached
from the inertia of its own life, which is usury and degradation”. By freeing
ourselves from certain bodily constraints, he considers this liberation to
“dialectically turn into servitude”. True or false, the generally asked question is
translated by the search for a certain social consensus temporarily placing the cursor
“in the right place”. The risk is then that habituation, as in the frog syndrome (that
is, when a change takes place in a sufficiently slow manner, it escapes consciousness
and, most of the time, arouses no reaction, no opposition and no revolt), may be
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translated by forgetting and an inflation of the fields of application; for example,
going from repair to enhancement, as trans-humanists would like.

Independent of this aspect, “two types of discoveries can be made in science, some
foreseen by theory, implying two met conditions: very advanced science, for example
physics, and the simplicity of phenomena; the other are unforeseen: they arise
unexpectedly during experimentation, not as corollaries of theory and specific to
confirming it, but always beyond it, and consequently contrary to it” [BER 55/56].
Considerable scientific openness authorized by additive manufacturing processes
allows all sorts of audacity, particularly in strongly interdisciplinary fields. On these
disruptive bases, some scientists believe that bio-printing will thus considerably
magnify the strength of current technologies, on the one hand, and give birth to new
technologies, on the other hand, whose enormous possibilities are still not well
measured (for, beyond the applications that are currently imagined, they will likely
lead to unsuspected applications if they succeed).

Even before applications, fundamental research exploiting this subject of
convergent technologies hopes to bring about new properties of living matter,
unknown phenomena that will surprise us: the researcher will then have succeeded
when he/she is surprised by the result (serendipity); this makes philosophers say that
there is no longer a search, as with Descartes, for the mastery of matter, but the non-
mastery; it is hoped that the whole will be more than its parts, even built from the
elements that constitute it, whereas science, by necessity, traditionally reduces the
whole to its components in order to be able to study them, because the whole is too
complex. The convergence of technologies (see section 3) would allow it to be
measured, to be mastered, with the complexity of reality, even to be recreated or
created anew [EGL 14].

Moreover, what is more complex than life? One of the ultimate dreams of this
exploration of complexity could be seecing the appearance of life as a property
emerging from the elementary bricks (e.g. stem cells), even molecular constituents.
Although remaining a young discipline and momentarily lacking tangible results,
biological research on the profound (genetic, metabolic, molecular) causes of aging
are seeing a booming growth. Numerous researchers agree today in saying that the
life expectancy could rather easily be pushed up to 120 to 150 years for Man in the
near future given current progress in the area [LOU 15]. Bio-printing, in
principle, can participate in this goal. Thus, in the era of modern biotechnologies, it
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is not only capable of modifying the living, but even of manufacturing “pieces” of
the artificial living. Magnien [MAG 13] poses some questions stemming from
ethics:

— Risk/benefit relation: for example, “bio-security” and ‘“bio-safety”, notably
with problems of the robustness of prints.

— Ethics of risks: responsibility/precautionary principles.

— The pursued goals: example of the difference between the “repaired Man” and
“enhanced Man” thanks to bio-printing, with all questions on the meaning of Man
that this poses. Here, we find the usual and redoubtable question of the limit, to
trans-humanist goals. It is the “power to be oneself” that Habermas [HAB 02] will
discuss in terms of the impact of biotechnologies.

— The relationship to the living and life: bio-printing may challenge our points of
reference between the natural and the artificial, the living and the inanimate, and
interrogate our responsibilities in the potential generation of new biological beings.

— The difference between life and the functions of the living (from the living to
the lived): The functionalities of the living must be distinguished (even if they are
connected to it) from the exercising of these functions in the lived, partly
conscientized for Man.

Let us not forget that ethics is not there to slow the development of science and
technology, but to help discern what is going towards the human and thus making
modern technologies perform better. A proposition by Sicard [SIC 06] explains the
idea: “Ethics is not the vigil that captures, for its own benefit, the paths that are
opening to the imaginary, intelligence, and human creativity; ethics is not the high
priest of immobilism”. The challenge of our era is the foundation of a necessary
balance between the progress of different scientific, technical, ethical, cultural,
social, economic and political spheres. It is a matter of proposing an educational
stance that brings “benevolence and ethical vigilance” together concerning today’s
bio-printing, all while pursuing the coupling of research and ethical questioning.

On this basis, in the educated public, closed supports are found for the
development of what some call “the enhanced Man” because they allow profound
evolutions in humanity (well-being, longevity, enhanced performances, immortality,
etc.) [KUR 06, SIL 97, KAM 15]; others are formally opposed [FUK 04]. Then
naturally the question is asked of the position of research in this seductive and
alarming context. Are there rules to frame it or ethical foundations that authorize
works? The question of the links between body and repair/enhancement via bio-
printing is not a given. Rather broadly, the very idea of the “technicized body” refers
to multiple registers. The coupling “body and technology” produces multiple
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representations on Man and society that, for some, go towards well-being, security,
performance and a healthy life, while others can more easily point their finger at
obscure facets in a legitimate way.

After having tried to return to the very context of the concept of ethics (see
Figure 4.1), it seemed interesting to examine in some general cases how, in the
current situation of a research world strongly supported by contracts, including
many with companies, it is possible to advance, but attempting to escape a ‘“Pontius
Pilate” position to take part in a responsible approach. This is the path proposed
below. In a “Jonassian” logic, Fressoz and Pestre [FRE 13] remind us, “[The risks]
are no longer side effects of progress; they constitute the primary challenge of our
societies. The diverse knowledge that allow invisible but universal knowledge to be
known, the kind that produces technoscience, is thus found at the heart of the
political and must become our guides”. The task is thus quite intensive.

What do I want to do?

What can I do? What must I do?

Figure 4.1. The fields of ethics

4.3.2. Return on the concept of ethics

ELINNT3

Ethics comes from words meaning “moral science”, “place of life; habit; mores;
character; state of the soul; mental disposition” and “morals”. It corresponds to a
practical philosophical discipline (action) and a normative one (rules) in a natural
and human environment. It aims to indicate how humans must behave, act and be,
among themselves and towards their surroundings. The rapid evolution of the world
(with a double role of spectator and actor) poses problems that no human concerned
with progress (which is already an ethical attitude) can ignore because the
application of bio-printing on humans can transform them, for better and for worse.
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It can be believed that it is humanity’s conscience, and it alone, that must indicate
and give meaning to these transformations. But how do we define good and bad?
How is the cursor placed between these two concepts? How to differentiate between
truth and veracity [KLE 08]? Who decides? Here we have “loose ideas” of the
questions asked in research that is extolling because it is open to the unknown.

“The notion of free will in the choice the individual makes concerning their body
is one of the essential principles of the laws of bioethics. Autonomy of decision and
the free consent to a physical performance improvement technique require each
individual to have the knowledge to understand, judge the possible consequences on
his/her health, and express a completely voluntary choice, with no pressure” [MAL
16].

In an attempt to illustrate the difficulty of the ethical question, Nordon [NOR 90]
wrote, “The certainties common to all Men in a single society are so intimate to
them that none of them perceive them. Invisible, they are self-evident like a healthy
organ, until, potentially, elapsed time makes them ill, replaces them with others, and
gives the necessary space to explain them a posteriori”’. These few words highlight
some very important properties for the exploration of the matter: belonging to a
community of values, the notion of emergence, emerged problem and the possible
reinvention of history in the name of new classifying criteria. Indeed, everything
coexisting requires a minimum of agreements and rules on the “good” and the just,
but also on the integration of less commonly accepted interpretations (the
aforementioned “cursor” problem) [FRE 02].

However, in the facts according to Ayache [AYA 16a], “universal” ethics does
not exist and the world is envisioned through fragments with specific targets that are
distinguished through their degree of generality (applied ethics (extending to
specific concepts like business ethics), for example, lack the degree of generality of
general ethics): bioethics, medical ethics, handicap ethics, end-of-life ethics,
environmental ethics, animal ethics, research ethics and even commercial and
economic ethics. They are also distinguished by their object (such as bioethics,
environmental ethics, etc.), or by their cultural foundation (which may be the
habitat, the religion, the culture of a society specific to one country, a social group or
an ideological system).

In every case, ethics aims to respond to the question “How best to act?” Ethics
has both feet strongly planted in the real: it is not just a set of abstract concepts. This
notion is always marked by nuances: nothing is black or white. It is thus necessary
to know how to nuance the shades of gray with the “optimal” search for the cursor’s
position. But if this notion can be confused, how, and in the name of which ethics
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must a researcher be stopped from trying to understand? “Such is the path that the
ethics of our times has chosen to withdraw from the world: parcellizing it,
fragmenting it, atomizing it, pulverizing it — literally: analyzing it” [HUN 16]. Ethics
has become analytical and for Hunyadi [HUN 16], it is the surest means to subtract
the world itself from all fundamental questioning and to “allow the systematic forces
that govern it to develop without constraints”.

Ethics has thus become, in some way, the accomplice of the economic system
based on the Rights of Man, verifying that the liberal ethics of individual rights is
respected, thus that wrongs are not inflicted, and that discrimination is avoided and
private life preserved. Normative ethics exploiting various committees, but which, if
well reflected upon, serves to validate what they are henceforth unable to criticize.
Mark Hunyadi [HUN 16] takes the example of the precautionary principle, which he
has long studied: “In risk management, the precautionary principle is brandished to
avoid excessive or unreasonable waste, but it is to help the technoscientific device
better fit into its whole. The precautionary principle does not serve to criticize the
technological influence on the world, but to make this influence more fluid”.

Independent of these aspects, Ogien and Tappolet [OGI 09] think that it is
practically impossible to define very precise criteria to delimit what could be good
(or bad); highly dissimilar elements can be qualified as good by some whose
judgment also depends on very different considerations. The devil does indeed lie in
the details! To drive this home, when speaking of ethics, we are also speaking about
morality, deontology, even for the most educated of consequentialism and rational
choice theory! According to the authors quoted above, the following definitions can
be set forth:

— The ethics of virtue: an agent must carry out an action if, and only if, it is the
one that a virtuous agent would carry out in those circumstances.

— Deontology: an agent must carry out an action if, and only if, this action is
required by absolute moral principles that are applied regardless of the
consequences.

— Consequentialism: an agent must carry out an action if, and only if, this action
promotes good (with equal consideration vis-a-vis everyone).

— Rational choice theory: an agent must carry out an action if, and only if, he/she
is maximizing its expected utility (if a goal is considered good and the agent has the
choice between several options to achieve it, he/she must choose the one that allows
him/her to do it in the best way).
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These tautologically coherent definitions use slightly commonplace words such
as good, values, virtue and morality that can claim to explain extremely complex
things in a simple way. For example, is the list of virtues that characterize character
traits to be valued to achieve “happiness” universal? If not, if some large principles
can be agreed on (the 10 Commandments, for example, for those who respect the
Old Testament), from one region to another, from one era to another, there is a risk
of getting involved in concepts of peaceful cohabitation that differs greatly in their
foundation and expression (some examples are presented in Table 4.3, illustrating
the concept).

Period

Names

Characteristic elements

Greeks

Aristotle

The golden rule of ethics is seeking the final cause, which will find
its realization through the right measure, the search for the proper
average, in view of happiness.

The ethics of virtue or moral greatness seeks actions that make Man
good (Aristotle).

Epictetus

For stoics, ethics is the normative knowledge of human behavior
whose end is upright knowledge and action. Epictetus believes that
it is useless for an isolated individual to want to influence events
that we do not master, and that we must only feel responsible for
events on which we can have an influence.

Christian
ethics

Do unto others as you would have them do unto you [LEM 14]

17th
Century

Spinoza

“Good” is defined here as “what we know with certainty to be
useful to us”, rational and intuitive knowledge primarily being this
insofar as they indicate to us how to involve our individual and
collective action into the love of freedom for everyone.

Kant

If we had to base morality on facts, it would quickly be ruined by
them. One single issue: building duty, far from being a reality, is a
norm of reason, valuable for all reasonable beings.

19th
Century

Nietzsche
and

Bergson

We must escape imposed constraints and erect a geneology of
values by asking ourselves what forces support it. At this stage, the
free spirit founds the obligations to which it wishes to submit itself,
beyond all institutionalized social constraint, in all intelligence and
reason [SAR 04].

“Thought, by following the common thread of causality, can reach
to the furthest abyss of being and that it is capable, not only of
knowing itself to be, but even of correcting it” [NIE 89].
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Francis “Its goal [eugenics] is to regulate human unions so as to obtain the
Galton greatest number of individuals capable of composing a society
considered to be the best” [DRO 95].

19th William | He emphasizes utilitarianism. Ethics is perceived as stemming from

Century | James the utility for society. This standpoint often appears the most
pragmatic.

20th Hans He places ethics in the domain of responsibility concerning

Century | Jonas universal risks that technoscience can run in relation to society and

future generations.

Jean “With the progress of knowledge [...], the need to encourage its
Bernard | happy effects, to limit its perverse effects” [BER 90].

21 Jean- “Enlightened catastrophism” that imagines a worst-case scenario,
Century | Pierre catastrophic enough that we all agree not to want it, and credible
Dupuy enough not to bring us to do everything so that it does not come

[DUP 02] | about.

Trans- Genetic design, modification of cognitive and emotional functions,
humanism | increased life expectancy, improvement of athletic performances
[KUR 03]

Genetic lottery versus genetic choice

Society must accept great diversity of what is the good life and
admitting that each individual has the right to defend his/her own
conception of personal fulfillment [MIS 09].

Humanity+, formerly the World Transhumanist Association
(WTA), is an international organization campaigning for the ethical
use of new technologies to proceed to the improvement of Man
[WIK 15f]

Table 4.3. Some options concerning “peaceful coexistence”

However, the emergence of an ethical issue is not a natural and spontaneous
phenomenon; it requires questioning, generally supported by a pre-alert, a
premonition, reasoning through analogy (e.g. a parallel between asbestos and carbon
nanotube in the scope of a health risk). Imaginaries then constitute a powerful action
matrix of technological development, insofar as they draw the horizon of the
thinkable [CAU 06, CHO 06] that orients the strategy of the actors involved in the
field and naturally the desirability of the technology, even more simply of its
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“acceptance”. On this subject, this is because bio-printing could aspire to a new
form of control over living matter, because it could instrumentalize the living that it
obliges to renounce the positivist illusion that scientific statements are taken from all
metaphysics, to accept questioning on the representations and values underlying
research programs. The fear of sorcerers’ apprentices flushes out the ethicist because
bio-printing can spread out on a foundation of going beyond fundamental cultural
values, particularly distinctions between nature and artifice as well as between
nature and culture.

Let us be clear: it is not a matter of refusing the transgression of borders between
nature and artifice on principle, because all technology sooner or later goes over this
border. A reflection on values does not necessarily aim to sanctify nature or the
human, to install ethics of respect. It is rather a matter of becoming aware that, by
manipulating objects, we are manipulating values, and of questioning oneself on the
type of relations that we hope to install between these three fundamental poles of our
civilization, which are: nature, technology and culture. Moreover, “substances like
betablockers, melatonin, and caffeine allow healthy subjects to simply feel ‘good,’
as they always should have been, some of them say. Are they improved/enhanced?
Are they drugged? The debate is not scientific, because this gray zone in the
continuum between the normal and the pathological obviously refers to the WHO’s
definition of health and to the means a society accepts to have” [CCN 13]. But, as
Benvin’s provactive Figure 4.2 suggests [BEN 15], how far is too far?

Figure 4.2. Apocalyptic vision of one application of bio-printing
to “enhance” humans (according to Marithé http://
marithe.over-blog.comyarticle-28754085.html)
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Concerning the ends, it is certainly legitimate to state that science has its end in
itself, rather than in applications, but this stops neither the researcher nor the public
from wondering about the ends of current bio-printing research, the legitimacy of
agreed-upon investments for the exploration of this world that is being built in
laboratories. These questions of meaning are mostly common sense questions that
each researcher, like every citizen, should ask himself/herself: Why this research?
Why this rather than any other? To what needs for the good of society does it
respond? Whom does it profit? Does it justify the agreed-upon investments? Who
will assume the responsibility if this goes badly? (see [THE 13]).

In order to allow the research actors to exercise their responsibility as citizens, it
is indispensable to guarantee their right to report their questions and to be
understood (but beforehand, it would be best to inform them to make them into
“enlightened citizens”), the ethical committee of CNRS [COM 06] and the Charter
of Socially Responsible Research (SRR) of the INSIS-CNRS [AND 13]. Several
questions are associated with this need, the consideration of a field of possible
unexpected events that lead to (or will lead to) a debate by a non-instrumentalized
social body and its clarification due to the process of euphemization, banalization
and lateralization of the imaginary associated with the attractiveness of the
technology in question [TOP 13, GRA 03]. This is indeed what is covered by the
SRR aiming to unleash the possible impacts of research on humanity (directly or
indirectly) and on his environment, which must situate these impacts in the
technoscientific dynamic, but with a cultural field still mostly untouched by a
number of “hard” scientists. With reculturation, “neutral” information and active and
informed monitoring are thus necessary to serve as a counterbalance to certain
economic tactics and strategies obsessed with immediate gain or certain ideologies
such as trans-humanism.

Nevertheless, even if science does not yet authorize it, it may be necessary to
consider this reflection by Liogier [LIO 10], who writes, “Contrary to the ethical
process that puts the cart before the horse, if you will, by hoping to provoke
adherence, profound belief in humanity, through simply intellectual adhesion, at the
very level of the most deeply rooted desires”. Are we sure that philosophers and
ethicists are not (too) ahead of the facts, the possible “manufacturing” of a Man
taken from the fatality of his original limits [MUN 13]? But does wanting to keep
Man as he is stem from another ethical question or not? Still if there is a desire to
compensate for physical and mental deficits, why and on what bases they forbid
improving a healthy body? To achieve what goal? That of successfully creating the
technological utopia with its social transformations [MUS 13]? Incidentally, the
CBHS in the USA [CBH 15] warns of possible detours, recalling the aspects of
health risks (authorization to release on the market, called AMM or “authorisation
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de mise sur le marché” in France) and ethics aiming at human enhancement. If the
AMM can reasonably be foreseen at the moment with biocompatible inert materials
(e.g. case of titanium), it is not currently capable of bio-printing associated with cell
therapies (see also Dodds, [DOD 15]).

In this slightly disconcerting décor, would it not be necessary, as proposed by the
CPP - the French Ethical Committee for the protection of the citizen — [CPP 10], to
recommend research in the field of:

— promoting an in-depth evaluation of the available options for managing risks,
whatever shape and nature they may assume;

— taking responsibility for the wealth of formulations of one question, of the
diversity of the representations that are associated with it, and of the
interdependencies with other questions (see Le Marec, [LEM 02]);

— adopting a process that is revisable in time as a function of new knowledge and
its added possibilities;

— associating the decision-makers to do this so as to reinforce action decisions
(see also NCB, [NCB 16]).

“The general objective of these recommendations is less to develop ethically
correct research through a series of norms or prohibitions to respect in a
practice entirely focused on the means and positive results of research than to
develop ethical vigilance through a series of measures meant to encourage
reflection on the values and ends of research. This is a profound change of
mentality to be undertaken in research, where ignorance, even reticence,
remains overwhelming with regards to ethics. This change demands
awareness on the part of researchers from every discipline. Awakening ethical
reflection on science and technology cannot be conceived as a temporary loan
that could be contributed by specialists in ethics. This awareness will take
time and the measures must be sufficiently significant to allow long-term
work” [COM 06].

Box 4.3. Recommendations by the Ethical
Committee COMETS — CNRS — France [COM 06]

4.3.3. What can be foreseen?

“Imbeciles find this world reasonsable because it is wise, whereas life shows us
every day that it is among the perfectly unreasonable wise, that science does not
necessarily grant common sense or virtue. The modern world that brags of the
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excellence of its techniques is actually a world delivered to instinct, I mean its
appetites. This is why it is oriented towards experiments that only seem daring
because they are in no way proposed by reason, but inspired by instinct. It draws its
vanity from the fact that these experiments are new, without great concern for
knowing if they can be performed or not, because it prides itself on being able to
conquer every difficulty through its techniques If such experiments cannot be
performed, technology could not, however, allow them to be pursued to the end, but
they are likely already capable of taking them far enough to make them irreversible,
that is, to involve our species in dead-end streets” [BER 53].

If “no human problem can be resolved without humanity” [LEV 03], several
kinds of considerations can be foreseen at the stages of research, ethical expertise or
applications.

4.3.3.1. Research: towards a responsible approach

“We believe that at all times, we could, given a desire, master everything
through anticipation” [WEB 59]. The emergence of interdisciplinary works
associating legal experts, philosophers, economists, sociologists, specialists in risk
management and vulnerabilities, etc., with the best scientists (in a still limited
number) working towards the technological development of bio-printing is
indispensable for the systems of governance in question to be better known and for
their pertinence to be periodically re-evaluated. On these bases, the normative ranks
should be possible to anticipate in time and thus allow the benefits of this emerging
technology not to be radically challenged by the appearance of unexpected risks or
arguments that are harmful because they are unfounded. The studies on the
implication of publics in emerging technologies, the epistemology to construct for
bio-printing, the training of future generations with new knowledge, the economic
and structural organization of research and its development, the legal frameworks
concerned by the field, etc., are so many guarantees to be granted to the responsible
development of this sector (if only so that it can develop harmoniously) [LAR 10].

However, visibly, there are as many moralities as political parties, social classes,
schools of thought, religions, nations and homelands, and all these moralities, some
of which are contradictory, could honestly be opposed to “universal” ethics. There is
no reason to do away with it, the inexistence of morality because those who develop
this theoretically nihilist attitude would not only approve of others taking what
belongs to them, disregarding their promise, abusing their trust, etc. There are thus
some invariants to be researched to determine what, at a given moment, can be
considered true and fair by a large community. Ethics is actually born of the
confrontation of local values (recognized by a group) and the real that is being built.
“Pure” science can be led to deny the former, without being able to get involved
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with the latter due to “mutilating” and reductive disciplinary research (all while
supporting it, because the search for the truth does not give it meaning).

By exploring the direction of the application, particularly biomedical, it can no
longer justify the slightest distancing from an ethical question [CHR 91], “even if
scientists react like most humans: they claim it is not their fault” [LEL 11].
However, putting ethical reflection into practice implies a sharp mind and a true will
to think of the future, insofar as it is necessary to understand the processes that could
be implemented, to adapt to the possible reality, to be “in harmony” with society,
whereas there are numerous specific micro-research projects mixed with a high
number of decisions and interventions before the application can see the light of day
[RIC 94]. Therefore, not everything is accessible to the researcher “who is fully
focused on” or involved in writing up a project or a publication.

The development of scientific education normally allows a growing minority
made up of people belonging to the most diverse trends imaginable to gain greater
and more responsible understanding of the problems posed to all of humanity. It is
largely the job of this educated part of society to reflect first on the belief of the
fatality of progress or development concerned with the society as a whole. However,
the sought-after democratic dialogue likely cannot foresee the direction of the
progress expected from habitual practices with an essentially technical and financial
(top-down) origin. The authority of scientific, medical and technological experts,
supported by the State and industrial lobbies, can quickly diminish any debate and
consequently limit democratic operations by imposing visions from the powers in
place (even if some are disjointed) to the public that then no longer has access to the
decision-making process, conferred on the national representation.

Yet, the questions of opinion(s) are not those of engineers and scientists; they
have a cognitive origin, and are even speculative and globalizing. The responses of
these ‘“authorities” cannot be solidarized from “citizen” questions. It would be
necessary to find a place of exchange to appreciate the knowledge of opinion for
what it is, on condition of informing them, taking the time to listen to them, and
wanting to take them seriously. However, if it is necessary, obviously, to be
responsible, this does not mean that creativity and innovation must be curbed by a
fundamentalist ideology, because it will always be necessary to fight against all
conservatism and respect the constraints of financing and disciplinary evaluation
agencies [MIR 13, GRI 15].
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To come closer to this context, INSIS, one of the 10 institutes of the CNRS, has
proposed a Charter of Socially Responsible Research (SRR) [AND 13] to avoid
remaining in a tropism overly oriented towards certainty that could lead researchers
to sacrifice reality to abstraction (calculations often hide ignorance, according to
Bouleau, [BOU 13]). Indeed, research associated with the development of
technology is an element that is really starting to be discussed by intellectuals, but
which requires escaping “strictly scientific” discussion to also invest aspects of
subjective perception [CHA 13]. If some hope for a prudent attitude considering the
social dimensions of the technological innovations allowed by science before
expecting to be enlightened by public agitation (induced by other intellectuals), it
should be noted that technoscientific development underhandedly transforms the
meaning of what is human (improved well-being, but plausible risks for health, the
environment, diverse alienations, etc.).

On this basis, there is a desire to make scientists’ disciplines and behaviors
evolve so as to integrate the awareness of their social responsibilities into their
research activities. Thus, the foundations of SRR, elements of the sustainable
development charts, are:

— SRR covers social and environmental matters closely connected to the future
axes and researchers of a team in the team’s activity;

— SRR is not and should not be separated from the Research Unit’s action
strategy because it is a matter of integrating the social and environmental concerns
into the activities;

— SRR is a voluntary concept;

— an important aspect of SRR is the way in which laboratories interact with their
internal and external decision-makers (“employees”, clients, close environment,
administration, partners, etc.).

A non-exhaustive list of actions at this stage of reflection is presented below:

— traceability: this investment is essential to reinforce trust between partners,
particularly with companies (quality management, good practices, etc.);

— responsibility: respect for regulations relative to research operations: protection
of researchers and the environment;

—respect for the law, particularly concerning ethics (human experimentation,
animal experimentation, computer science, freedom, etc.);
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— originality/novelty: reflection on launching research operations whose result is
not foreseeable with the knowledge of the “former art”; this means a better creation
of effectively new knowledge through scientific in-depth research or the exploitation
of interdisciplinary projects;

— conscious analysis of the uses of research results for the society (this is a useful
but difficult reflection due to uses of the same concept for different ends); in-depth
reflection on the uses of artifacts in the society: use and associated disturbances,
recycling, risks of irreversibility, sustainable development, effects on the
environment in the short, medium and long term, relations with humanity: risks,
justice, social equity, development of the human personality, etc.;

— periodically revisiting the different items as a function of the advancement of
scientific knowledge and its effects;

— mission to alert the hierarchy (administration) if new risk situations seem to
emerge.

Beyond the respect for the regulations in effect, the researcher is responsible for
his/her own ethics; he/she is, as expressed by Abel [ABE 94], “abandoned to his/her
own responsibility” because there is not ready response, but this forces the
researcher to define a “code” of conduct that he/she must attempt to uphold. In the
pursuit of this quest, it would be necessary, as mentioned previously, to privilege the
plurality of standpoints, that is, to have a more deliberative approach towards
science and medicine, more controversial, in short, to practice new forms of
deliberative rationalism due to their collective nature: learning to be able to create an
object and a scientific problem applied to the medical world (with real patients!)
with others demonstrating expertise. The organization of debates, already conducted
by the research unit, may be a means of expanding reflection and better connecting
science, technology and Society. But this is only a starting point.

If more controversial research is practiced, it is necessary to call even more
strongly on the scientific and/or medical researcher’s assumption of responsibility.
At the same time, all exceptional situations, State reasons or emergencies invoked
can create lawless situations. Thus, “escaping ethics” must not be equated to the fact
of escaping law, which leads to legally conditioning the “unethical”. Let us recall
that there is doubled social responsibility for the researcher, precisely because he/she
is a scientist, “savant”, and thus, in principle, authorized to be “knowing” and an
expert. Then, let us try to avoid this comment from Taleb [TAL 07], who writes,
“The researcher is in the position of an airplane pilot so absorbed in his/her on-board
instruments that he/she no longer knows how to turn his/her head to the window to
see that the engine is in flames”.
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4.3.3.2. Ethical committees

The previous comments illustrate the fact that it is difficult to advance on one’s
own, even by debating in a research laboratory, to define the “good” for an entire
community, but they also lead to questioning the “optimal” choice of the
participants in ethical reflection, which must essentially cover a largely
interdisciplinary field of investigation, and a field of awareness and opinions as
large as possible, with a desire for objectivity on the part of every participant!
Furthermore, without wanting to add to it, it is best to have a minimum number of
people so that the exchange is productive. A wonderfully paradoxical injunction!
The problems raised are so broad and major that they require the cooperation of
several disciplines and demand new methods of investigation. Research can
certainly be locally disciplinary: the “hard” sciences, law, sociology, etc., must stop
there. However, no specific discipline can conveniently solve them on its own.
Bioethics, whether it is applied to bio-printing or not, is necessarily interdisciplinary
[RES 73].

In fact, consulting different partners is expressed through a diversity of schools
revealing the dimension, complexity and tensions of the emerging domains. It
results from the difficulties of “cooperation” between strongly heterogeneous actors.
Indeed, there are already ratios of power between technological, disciplinary
scientific, knowledge-transfer, environmental, public health, etc., ends for scientists.
These separate characteristics are often based on an appearance of a shared
definition. In fact, the new domain, from a scientific or technological standpoint, is
probably defined at least as much by ends, “systems of meaning”, as by a field of
questioning or effective problems or a list of industrial results and medical exploits,
etc.

The existence of certain fuzziness may be due to an absence of individual
clarification, but also to the possibility of some exploiting this unstabilized
framework to act in an engaged way. In this case, dysfunctions, even ruptures of
dialogue between stakeholders, can be expected in the long term. From this fact
proven in cases where uncertainty reigns (e.g. managing nuclear waste,
nanotechnologies, GMOs), knowledge of the diversity of representations is a
prerequisite necessary for positive exchange action and honesty. It is indeed a matter
of finding a position that will decide between the positions of technophiles and
technophobes, often on heuristic and veracity standpoints (often without there being
robust enough information to beyond one’s view). On this matter, Klein [KLE 08]
writes, “On the one hand, enthusiastic technophiles who think that new technology
is safe so long as it has not been shown that it could be dangerous; on the other,
radical technophobes who believe that no innovation is inoffensive so long as it has
not been successfully proven that it is free of hazard”.
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Several considerations/interests may be at work:

— disciplinary considerations: new knowledge, innovation, creation of wealth,
technical progress, care and medicine, technical well-being, risks, toxicity and
resource management;

— ethical and moral considerations: prevention, ethics of life, preservation of life,
intergenerational solidarity, sustainable development and long-term effects;

— personal conditions targeting the imagination of improved performances (from
demand and expectation to addictive forms);

— scope of daily life: nuisances, pollution, hygiene, security, health, stress, living
conditions and comfort;

— political and social framework: prior to employment, social control of
decisions, civic-mindedness, democracy, neighborhood solidarity (e.g. waste
management), “police” control and the associated security, and terrorism.

Using the best possible knowledge on the diversity of representations (which
would need to be quantified, which is certainly difficult in the case of bio-printing, if
only by affecting some points of each response to the proposed criteria), there is a
chance to have clarification of the role/interests of the different actors, to valorize
diversity and to reflect more in-depth on particular axes, but also to seek other
partners allowing, insofar as it is possible, the debate to be balanced. In this sharing
of a great deal of ignorance, it must be possible to report on the uncertainties of
scientific and technical knowledge, approximations of knowledge, abuses of
interpretation, limits of competency, and to measure at least the extent of the
unresolved questions. This approach allows distances to be taken from every (?)
ideology, overly reassuring proposals and abusive simplifications. But to do this,
there must be a sufficiently calm or partially “neutral” framework to advance. But
the neutral aspect does not mean a neutral decision, based on the search for a soft
consensus [AND 13]. The construction of expertise must thus bring out the
behaviors of each component concerned in the social body, the most intelligible
possible and the most explicit possible. “By conforming to expectations and
prescriptions, [the expert] makes his/her behavior possible to anticipate, thereby
facilitating interaction with other individuals and integration into the group” [BEN
13].

Normally, but with a very modest citizen representation, it is on these kinds of
foundations and values that ethical committees are created, whether it is the
COMETS (Ethical Committee of CNRS), the CCNE (French National Ethics
Advisory Committee) for the French State, the EGE (European Group of Ethics) for
the European Union, etc. It is a matter of realizing pluralist expertise between
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disciplinary experts. But “peaceful cohabitation” demands a minimum of
understanding on the good, the fair and the reasonable, on the means of combining
contradictory interactions from every representative of the social body. In the end,
the interactions with the society must, with acuity, pose questions of how to think of
ethics in an advanced democracy and how to articulate it with scientific and
technical progress, with differences between the approach based on an organization
listening to every citizen and/or a more reductive vision but, in principle, more
immediately operational. It is best, in forms of interaction that largely remains to be
invented, to foresee the emergence of specificities, the progress expected by society
and the constraints, and also the lacking information, in a case-by-case manner (to
escape sterile generalizations). It is actually necessary to be able to respond to
questions that are raised as being vital concerning later political decisions on the
applications of bio-printing progress.

Today, scientific experts are no longer considered harbingers of uncontestable
truths, being able to express themselves on complex subjects with a single voice.
Moreover, often financed by certain companies, within “New Public Management”,
they can, sometimes understandably, be suspected of partiality. What is generally
observed with an educated population in a social context that has greatly changed
since the “Trente Glorieuses” after the last World War (and that is leaving the
present reflection) is that the old bipolar schema between experts and laymen is
disappearing. It is giving way to a strongly heterogeneous pluralist schema in which
multiple groups of interests get involved to face one another or sometimes, on a
particular aspect, to cooperate.

Furthermore, Bensaude-Vincent [BEN 13], in another framework, poses the
important question of formatting questioning, focused on benefit/risk aspects (see
Figure 4.3), without other, less reductive aspects emerging in bio-printing research
for medicine, every researcher being “obsessed” with worldwide scientific
competition. She believes that this closedness potentially encourages extremists and
confrontations. In fact, the public could thus be forced to get involved, with a
manager’s rationality, in the dichotomous exploration of this benefit/risk ratio.
“Balancing the risks and benefits like an accountant gives the impression that
everything is under control, that the situation is being managed” (situation in which
very heterogeneous elements (e.g. the possible problems emerging in different
timeframes) are shamelessly associated with immeasurable aspects (e.g. peaceful
cohabitation and the image connected to the use of additive manufacturing
technologies on humans, etc.)).
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Figure 4.3. Reductionism “benefits/risks”

In the real world, part of the complexity stems from the irrationality of the
actors, including that of the political actors (and their decisions, even their lack of
decision), as well as from the multitude of impacts once an open system is
considered open, as can be the case of bio-printing. Specific difficulties appear in
the technical world: identifying the entities that will play a role in the system’s
evolution, their definitions, their roles, the rules that humans apply to them and
authentification processes, mastering specific associated risks [MOR 90]. However,
in the exploration of this complexity, it is essential to master the effects of one
parameter on others. When technology and the living are brought together, things
become even more complex.

In this so-called systematic framework, the concept of complex interdependency
refers to the idea that every actor or parameter is sensitive and vulnerable to the
behaviors of the other actors and vice versa. How then to justify a reductive model
that only considers the preponderant values coming from former knowledge, without
seeking to verify the potential importance of factors considered to be secondary and
their effects on the complex interdependencies that may be the source of significant
problems? It is indeed in light of this reflection that the difficulty of “good” ethical
expertise appears, without it being easy to know if new research actions must be
undertaken or if it is necessary (or not) to go more in-depth with others.

These few comments show the challenge for experts to master all of the ethical
risks, especially those located at the interface between normally disjointed scientific
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and/or technological disciplines. This situation, where the field of involvement is
strongly concentrated on scientists’ knowledge, does not consider (or may not
consider) expert and lay knowledge from other disciplines or other forms of
knowledge. It risks creating distrust in the ability that may be shown by the medical
applier of knowledge to master a complex situation, still not implemented. All the
same, these experts have an obvious useful role in the definition of norms to
authorize the launch of reparative medical applications of bio-printing on the
market, human experimentation (Huriet-Sérusclat law in France), playing on the
development of a regulatory system adapted to a representative democracy.
However, in the uncertain fields that are the object of discussion, it is still difficult to
find a serious scientific justification to be content with a certain level of trust, which
incidentally is not even calculated using mathematical models (not very robust in
this case). This is another form of the ethical and/or political question that cannot
stem from the scientific framework that must foresee what may be an ‘“acceptable”
risk [LEM 11].

Therefore, without wishing to oppose the honest aspects of a society, which has
ambiguous positions vis-a-vis technical progress in medicine, against that of experts,
there is a need to reflect on the best possible interactions with citizens or patients.
Comblin [COM 03], however, thinks that institutions seek rather to standardize
people, leading for some, who wish to escape the rule, to feelings of guilt or
frustration. Transgression is not far off. To drive this home, Fuster [FUS 75]
reminds us, “Being virtuous is a good process for getting off the hook. Intolerance is
always on the side of virtue [...]. It is in the name of virtue, of the great principles of
human promotion and purity, that victims are piled on the scaffolds and in
crematoria”.

In short, the cursor’s position between “good” and “bad” is not always easy to
define! It may then be useful to remember that a tolerant analysis of the facts and
their prolongations involves not disdaining the opinion of others, avoiding a good
conscience and respecting the ambient dogma. This statement means that such an
approach must bring all the forces face to face, explore the foundations of opinions
and behaviors, avoid superficiality, and not select only the pertinent data (that
responding to the goal) from others [CIT 13, LAG 12], all while avoiding formatting
individuals. How to avoid autistic forms and study “the blind points of our
discourse, which often fairly point to those undergoing progress, those refusing
some of its forms, those dreaming of other possibilities” [PES 10].

However, the difficulty is being able to anticipate problems that could emerge in
the long term with major aspects of irreversibility and interdependence [DUP 02,
BEC 09]. How to be sure of having made the right decision? “The action takes place
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in a context where all large-scale employment of an ability unleashes, despite the
agents’ good intentions, a series of effects closely linked to the beneficial,
immediate, and intended effects, a series that, over a cumulative process, leads to
harmful consequences sometimes exceeding the desired goal” [JON 97]. Certainly,
the precautionary principle [AUV 13] must be used, but will it be enough to
maintain trust?

4.3.3.3. Applications

By taking the close but much more widely mediatized example of
nanotechnologies, if citizens are questioned (see, e.g. the French public debate in
2008-2009), they are generally opposed to their use. In this case, it was possible to
bring about a greatly dissymmetric schema opposing experts and the public; its
intentions then transmitted by the media. However, speaking of the public in general
is forgetting the existence of a very heterogeneous pluralism with specific interests.
In this respect, if a survey concerning nanomedicine is conducted [AND 15], the
positions of the audience who responded are less opposed, even favorable to the use
of nanotechnologies for their health. One of the questions was, “Research work
being heavy and requiring time and consequent means, should the results of research
be awaited or should care be given taking every precaution possible?” The response
is clear, since more than 60% of respondents are very favorable or favorable (see
Figure 4.4), which complements the information provided in section 1. From a
sociological standpoint, it would be interesting to examine how, over several
decades, the transition towards growing individualism has taken place, possibly
explaining this result. Can we not envision a certain correspondence between
nanotechnologies and bio-printing?

Figure 4.4. Responses to the survey (dark blue: very favorable; red: favorable;
green: rather unfavorable; purple: unfavorable; light blue: no response). For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip
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In the economy of knowledge explored today, bio-printing technologies propose
radical transformations in unique offers desired by users. The question asked by
Michele Debonneuil [DEB 07] is knowing if we are engaged in what is called the
“quaternary revolution”, towards qualitative aspects corresponding to the market
launch of new products, services, or systems that satisfy a reinforcement of a “well-
being demand”, for which it is acceptable to pay a certain price (notion of
attractiveness) and not the lowest price or faster production. There are then new
challenges to overcome. Among the structuring and important factors, it is necessary
to take into consideration the place of “baby boomers” in our fully evolving society.
Indeed, the baby boomers, great in number, have the time and money, even if their
skill to master certain innovations is sometimes considered modest. They have a
high level of education and are aware of the new stakes affecting their health. Yet, it
is now recognized that, in general, these are not the marketing exercises that awaken
an interest in individuals for a product; it is people’s intrinsic needs that create
effective demand, which then can spread to a broader public. Then, the profile of the
population has a crucial importance for choices made, leading the other components
of the social body into the dynamics of production or service created. The social
agreement comes at this price!

However, in the realm of facts, current bio-printing micro-firms aiming at
applications in medicine in France, following in the footsteps of biotechnology firms
dedicated to the life sciences, see (as with “classical” additive manufacturing)
constraints limiting their developmental potential, even threatening their difficult
durability. Among these constraints, it is especially worth mentioning the structural
difficulties proving the existence of a real, financed market, reaching a critical size,
the lack of adequation of public aids and supports with the never-ending wealth of
research and R&D costs, the reluctance of financial markets to accompany
technological projects perceived as an overly uncertain investment in terms of
industrial, medical and commercial applications, and manufacturers’ willingness to
get involved only in solutions contributed by bio-printing to problems not resolved
by classical medicine [FLE 11].

In a universe controlled by the liberal system, it is necessary to legitimize (like in
a speculative bubble) the reality of the “bio-printing” project that, as in the case of
nanotechnologies, has a dialectic of promise implying the production of
expectations/promises and the construction of the field in the same movement. The
future of the technology must thus continuously be negotiated by all the producers
of promises (from the researcher to the financer and then to the manufacturer) who
have convergent interests in the operation [SEL 07, VAN 00].
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Alliances, partnerships, even buyouts of bio-printing start-ups should be
formalized at an advanced stage of the innovation process, particularly in clinical
phase II or III (but this stage has not yet been achieved today). Risky-research is not
very attractive to private investment notably concerning the uncertainties and
mortality rates that characterize this kind of technoscientific project. The same logic
presides today in the construction of the business model of nano-medicine firms
strongly dependent on external investment (capital-risk).

It is at this phase of the research and R&D process that public aids and supports
become crucial. They opt for a model convergent with investors’ expectations
[SAD 14] and markets that tend to require lower development cost budgets, fewer
risks (or with mastered risks) and generating profitability that is best in a short
processing horizon. This repositioning imposed by the lack of external financing is
not moving towards all the efforts accepted by France in the construction of the
medicine of the future and its international competitiveness in the field of
healthcare. Evolutions are thus slower than philosophers had imagined, but with the
risk of financing that is strongly oriented towards lucrative applications.

4.3.3.4. Is time on our side?
4.3.3.4.1. “Thou shalt not kill”

Breaking away from the needs expressed, conception processes gradually define
the artifact that must respond to the chosen objectives (needs and constraints)
through successive choices with more and more detailed approaches (and thus ones
that are more and more irreversible in the limited term of the action). The possible
(health) risks are studied (in principle) to respect the regulation in place in terms of
risk management [BOU 13].

This reality, rather classical in innovation, leads to greater concern over the
possible emergence of the technology, breaking down the necessary doors to the
desired development. But it does not seem like it will still be easily possible to
propose robust medical applications for “true” bio-printing. Thus, some may think
that they have time. Several other arguments, more external in nature, may lie at the
origin of the limitations mentioned:

— Interdisciplinarity: the fact of being at the crossroads of several disciplines
poses the question of scientific identity, of its recognition and evaluation.
Engagement at an interface can actually penalize a researcher, his/her ability to
publish being notably reduced, at least at first. From this arises a difficulty with the
corresponding recruitment and its follow-up. His/her practice in laboratories should
be encouraged, but really is neither sufficiently valued nor well financed.
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— Integration: the fact of developing new bio-printing processes for medicine is
one thing, and the fact of integrating the development of matters and materials over
the lifecycle into the development of processes is another. It would be best for
interdisciplinary works to be developed so that, beyond the medical stage, there are
no risks linked to the technology: during conception, use by medical professionals
and, finally, in waste (environmental problems). This situation is more or less
translated by the concept of “safe by design” [LEG 15] that still requires great
exploration for bio-printing.

— Blindness: when early signs appear, no one really has experience with the
hazard associated with the future and this leads, in the complex and opaque world in
which we live, to neglecting the credibility of rare events (hence the interest of
anticipation) [HER 09]. An opacity on these phenomena can, in some cases, be
sought by organizations that have great interest in masking facts [PAL 12].

4.3.3.4.2. Medium-term ethics

Development in bio-printing research should be pursued in a supported way
(permanent growth of the number of publications), but the expected visionary stakes
have not been reached, beyond some quickly mentioned and rather uncreative
biomedical applications (primarily prostheses). These latter serve as pioneers to
convince others about the economic reality of bio-printing, and to do this, they based
themselves on matters where care is a priority (and thus largely accepted by the
population). The question of the cursor’s position is normally not posed between
aspects of “good” or “bad”, beyond the authorization of a possible market launch. If
the first hopes (or first fantasies) have led to a number of media fairy tales,
philosophers and ethicists are still not in control of the subject (which efficiently
allowed the horizon to be limited); it must be noted that the lack of ethics (beyond
risk aspects that need to be better explored) is not abundant. The reasons for this
state of affairs are numerous, as was quickly mentioned in this volume, but
particularly because there would be a need to invest in a very great complexity
associating technoscience, biology and medicine in a meta-interdisciplinary
framework, which would demand an unheard of human and financial effort, without
any knowledge of whether the chances of success were great.

For Deloitte [DEL 15a], the accelerated rhythm of technological change
(i.e. shortening the cycle of technologies) represents a challenge of synchronization.
By regulating too early, there is a risk of preventing; by regulating too late when a
service is overly generalized, it is possible for it to become impossible. New
business models imitating the economy of sharing were developed by the “makers”
(and tomorrow by bio-hackers?), which disturb traditional business models and
pose unanticipated questions of regulation. The rapid drop in bio-printing costs
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could change the landscape both on the side of companies capable of realizing it as
well as that of “clients” who may access it.

Yet, based on experience, the regulator ends to ignore a phenomenon until it
becomes massive. “Innovation is in direct competition with regulation, which is a
problem both for the public actor, who often reacts too late, and for innovators, who
develop models that can be undone by regulation, when even their revenue and
client base have become massive [...]. On the other hand, faced with the
demultiplication of innovation, the regulator tends to expect innovations to be
imposed to react. The problem is that this phenomenon can go very fast without
delivering solutions on its own” [GUI 15].

This means that we must not wait until it is too late (even more so as bio-printing
machines, though still quite “rustic”, are developed in Fab-Labs, but ones that are
evolving in number and sophistication, thus playing sorcerers’ apprentices by
practicing self-medication, following in the footsteps of piercing and tattoo shops),
but reflect before acting, if only by examining the most urgent situations at present
as those linked to information and communication technologies (that are not the
object of major challenges yet), nanotechnologies, or tomorrow morning, the
revolution linked to communicating objects. But, it is perhaps only because bio-
printing technologies will use their contributions that they might appear suspicious
and therefore be the subject of an ethical debate!

4.3.4. Conclusion

If a system’s operation can be explained scientifically by relations of causality,
its construction is not understood without its end, nor without humans. According to
Georges Canguilhem [CAN 65], “A machine is made by humans and for humans,
with ends to be obtained in sight, in the form of effects to be produced”. What
should then be thought of the possible importance of bio-printing in disturbing
human evolution theories thanks to the exploration of design ends that must be
“mastered”? How can we separate individual choices from societal choices? How
can we know if individual choices engage Society? How are we able to trace a
borderline between enhancement and repair, with specific ethical statues [NAA 05]?

In this décor, researchers’ mission can no longer be limited to the simple
production of new knowledge and the transmission of the acquired knowledge. It is
also not, in scientific expertise, quieting the worries of opinion, rejecting all
“profane” judgment, expertise necessarily remaining the “privilege” of the scientists
themselves [STE 13]. It must be part of the different humanist charters of research
operation (existing even at the Europe-wide level; see, e.g. EU, [EU 05]). The social
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and economic impact of scientific innovations directly affecting humans grant
researchers collective responsibility to participate in the necessary citizen debate on
the stakes and priorities of scientific policy (ethics, risks for humans and the
environment, etc.).

It is a matter of allowing scientists to face their social responsibility by
expanding their initial training to the historical, philosophical, sociological and
economic dimensions of their activity (as well as the destination of their creativity
and the transfer of their know-how) or by encouraging their interactions with
components of the Humanities and Social Sciences. By leaving the disciplinary
realm, researchers need to “protect” this new form of responsible research to avoid
oppositions and non-receiving ends when they must honestly reject certain facts and
knowledge in the names of revisited ethics to have a will and effective support from
the responsible authorities to see this cultural change take place, possibly opposable
to simple disciplinary competition [STE 06]. What would become of bio-printing
applied to medicine in these domains, the reducing factor of researcher evaluation,
in these conditions [BIA 12]? But yet, this could be useful for a doubting society
that (still) trusts research and must face powerful consumerist interests capable of
disturbing the social imagination in a lasting way, even if the repair aspects seem
strongly significant in medicine, as illustrated by the two previous chapters, with
some challenges for tomorrow (see Figure 4.5).

In an attempt to pre-conclude through reflection, that of Andrieu [AND 13], let
us consider what he writes, “By defending the thesis of hybridization, we are
describing here a trans-corporal experience that integrates technological and
biological aspects into a new human unity through dynamic interaction. This does
not reduce the human subject to the mechanization of his/her handicaps™. But at the
same time, bio-printing technologies allow us to foresee “killing death” through
hedonistic fantasies of a beautiful and competitive body (see Figure 4.5 according to
Ayache, [AYA 16]) with the possibility of approaching these words from Munier
[MUN 13]: “If the body is the place of death or illness, no longer the condition of
Man’s existence, but that of his limits, then, once the body is erased, death, illness
[...] would no longer have a raison d’étre” (see also Alexandre, [ALE 10]). It would
not only be a matter of improving living conditions, to improve life expectancy, but
of guaranteeing each individual a longer life, up to 120 or 150 years, and why not
simply eradicating death, as expressed in this figure. For Benasayag [BEN 94], “the
bearers of ethics demand, for example, the nomination, practically by decree, of real
areas that are ‘sanctified’, as if the sacred could be created through arbitrary
nomination [...]. Then, it would become a manipulatable consumer good like the
others”.
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Killing death?

Figure 4.5. Bio-printing, a path towards immortality?

In this general framework, the EGE poses the question of creating technological
improvement that could lead to forms of social segregation. The possibility of the
industrial use of implants as a means of “creating [...] more performative bodies
with economic ends poses the question of the limits to be imposed on such a use”.

Well, is not it necessary to go back to the foundations and leave the ambiguities
and non-choices? In this framework, Chavel [CHA 11] writes, “There are, first of
all, cases where the situation is exceptional and affects the limits of the human
experience, the one that makes the effort to imagine must recognize his/her
ignorance, inability to conclude. The imagination is powerless, and it is thus good
for it to be in a position where it is concerned with one form of respect of an
exceptional situation that pushes human capacities to their limits, and because the
moral attitude is then precisely to pronounce in a ‘Rousseauist’ gesture, a prudent
and respectful ‘I don’t know’ in the face of certain exceptional situations, which is a
clear form of suspending judgement”. To finish this part, let us leave it to Great
Britain’s Academy of Sciences in its reflection on medical innovation, one that
integrates a number of questions posed on the prudence towards acting in the
medical field!

“What is radically new is that it is henceforth possible to rewrite a face entirely”,
states Anne de Marnhac [DEM 11]. To be in line with the canons of beauty
[VIG 14], surgery thus allows a long nose to be shortened, cheekbones to be raised,
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the lips to be repumped and even the eyes to be reworked. “We have full power over
the subject, capable of redesigning one’s genetic heritage to correspond to that
famous ready-to-wear Western beauty”. Bio-printing can return in this matter to the
“perfection” that records it in a digital society. By making thousands of faces slide
by on social networks, notably through the practice of the “selfie”, there is a risk of
conforming to one norm. “When Emma Bovary [an important figure in the novel
written by French novelist Gustave Flaubert in the 19th Century] was only going to
see some women in her life, we endlessly take in new images, offering, against the
dominant model, a plurality of other faces”. But following the example of Boris
Vian [VIA 99], in “To Hell with the Ugly”, it is still possible for some to demolish
the tyranny of appearances. “We feel the rise of a desire for authenticity. In a society
in crisis, the truth of the face-to-face and of the expressiveness of a face, in the way
that Levinas speaks of it, appear as a need”. Wait and see.

At the same time, with the dropping prices of 3D machines (even for bio-
printing) and the possibility for around € 700 to have bio-engineering devices
[L’EX 16], as well as the existence of open-source data (from Wever et al.
[DEW 15]), it will be possible to keep living cells alive and to “practice DIY in your
own garage” using fermented foods and drinks, but also to attempt to print tissues.
This is the project of Canadian Julie Legault [LEG 16] with her laboratory of
microorganisms that she makes open to anyone. The organic matter manufacturing
kit Amino, created by MIT, allows work to be done with living cells and their life
conditions to be managed. Its goal is to bring about better understanding of scientific
advances via simple experiments, but with no control.

Ultimately, how can we handle the ethical questions of bio-printing? Can we
make scientific knowledge and citizens’ opinions converge? Can we put
contradictions between the desired (or its opposite) and the possible to the test in a
world that overexploits the field of artifactual prostheses? How then can we think of
the coexistence between solidarities and materialist individualism? How can we
intelligently write about the changes in the relations between humans and Nature? In
the possible inversion of human finality? In our identity characterized by a geometry
that has become variable in time and space? In our alienation, our subordination to
technology and to those who possess it? The list is long like our path to define our
freedom, so long as that goal remains attainable!

Each individual can appreciate the split in opinions between Europe and the rest
of the world. The old continent hides behind principles and the status quo of
prohibition when Asia is seen rushing zealously into the bio-economy that we must
be aware of. Some, like Nick Bostrom, the founder of the Future of Humanity
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Institute and director of the Strategic Artificial Intelligence Research Centre, show
to what degree Americans show themselves progressively in agreement with
technical propositions that they might have refused twenty years earlier. “And
explaining what weighs on this change: fear of a risk, transition cost, evolutionary
adaptation, affective impacts. It is implicitly understood that Man calculates the
most efficient way to quickly move the masses. This is an interest that he shares
with William Sims-Bainbridge, his colleague from the World Transhumanist
Association (WTA)” [BRO 16].

In the United States, the Presidential Commission for the Study of Bioethical
Issues charged the FBI in 2011 of developing a culture of responsibility in
partnership with scientists of participatory biology. “The international collective
DIYBio.org drafted a charter in 2011 to clearly confirm that ‘biotechnology must
only be used for peaceful ends, with respect for the rules of transparency, security,
respect for the living, and responsibility, to promote citizen science’” [MOR 14].
Would not it be necessary to foresee this kind of operation, even if it will still be a
while for bio-printing?

4.4. Governing bio-printing research: mastering convergence

First, additive manufacturing was created in the years 1984-1990 [AND 84]. If
all 3D technologies are based on a principle of adding elementary volumes called
voxels, this is linked to the spatially resolved photo-polymerization of a resin
induced by light, advantageously (in 1984) from UV or IR lasers. It is called stereo-
photolithography or more simply stereolithography (SL). The process involves
polymerizing a layer of liquid monomer using light according to a digitized plan,
then depositing a second polymerized layer according to the same principle, and so
on. The part is thus gradually constructed. Today, stereolithography remains one of
the seven basic additive manufacturing technologies.

Bio-printing (BP), drawing on additive manufacturing technologies, aims to
manufacture living organs or tissues [GUE 17]. Relative to classical additive
manufacturing technologies, printing biological elements adds a significant layer of
complexity to processes because it is necessary to “intelligently” structure living
materials, or not, mimicking the extracellular matrix and controlling the spatial
distributions of different types of cells or biomolecules capable of playing a role in
cellular differentiation, their growth and their death.
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Secondly, nanotechnologies, governed by doing it, are considered by most
developed states to be a factor of technical progress, a real grandiose form of
technological utopism. When speaking of nanotechnologies, it is impossible to
escape NBIC convergence, which emphasizes the growing interconnection between
the infinitely small (N for nano), manufacturing the living (B for biology), computer
sciences and technologies (I for information), and the study of the human brain
(C for cognition), a true stake in studying and mastering complexity [ROC 01].

These two operations aiming at, in principle, rather disjointed goals, nevertheless
have some common points: that of the convergence of disciplines and of
technologies that require a specific eye to foresee that the associated promises can
one day be fulfilled and for an effectively applicational vision on humanity. In the
two situations, some think of the technical possibility of contributing to life. “The
publicity of the neoliberal dogma has created ersatzes where the ‘consumer’, who
can pay if he/she has the means, is temporarily given the illusion of being a
superhuman who commands nature” [CIT 17]. From the social acceptability of the
two modes of exploration through the science of fields providing diverse hopes to
the implementation of governance strategies and pooling knowledge from different
disciplines, this article, originally from the Nanoscale 3D Printing Workshop,
Singapore on December 1-2, 2016, attempts to define and propose paths of progress
for the development of these two fields that, when stabilized, could (maybe in a
faraway future) be associated with performing nanoscale 3D bio-printing [AND 16]!

4.4.1. Return to 3D printing

4.4.1.1. Additive manufacturing

As explained in Volume 1, 3D printing actually includes a whole series of
processes that share the manufacturing of objects through the deposition of
successive, extremely fine layers of matter (or more simply, additions like melted
wires), which are gradually solidified by an energy source (e.g. laser). It is defined
by AFNOR [AFN 11] as “all those processes allowing a physical object to be
manufactured, layer by layer, through the addition of matter, based on a digital
object”.

“3D printing is thus considered — along with mobile Internet, the Internet of
Things (IoT), cloud computing, big data, the automation of skilled jobs, cutting-edge
robotics, or even advanced materials — one of the technologies linked to the digital
that is likely to profoundly transform [...] today’s methods of production and,
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consequently, economic models” [ING 15] (see André, [AND 17]). It is, in the sense
of Star and Griesemer [STA 08], a new “boundary object”, “plastic enough to be
adapted to local needs and to the constraints of the various groups that use it, all
while being robust enough to maintain a common identity from one site to another”.
Innovation and process improvement for rapid prototyping have been turned in
different directions [AND 15] that range from processes to materials to software
with desires to attain decametric space or to reach atomic scales. Moreover, after 3D
printing, 4D printing is also emerging with the possibility of introducing
functionalities that can be programmed in time and space. Figure 4.6 recalls the
emerging domains of additive manufacturing [AND 17], domains that are part of the
elements presented in this current volume.

. 4D printing )
Process without -
addition of matter | _ ‘ Rfmed materd
N
3D electronics | | Bio-Printing | | 3D micro-fluidics
Actuators, robotics | Nano-3D Printing

Figure 4.6. Emerging domains in additive manufacturing

4.4.1.2. Bio-printing

Bio-printing is an emerging subject stemming from additive manufacturing
technologies [GUE 17]. It belongs to life engineering and integrates the physical and
chemical sciences, mathematics and the principles of engineering to study biology,
medicine, ethology and health: it aims to manufacture living tissues and organs. It
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must be stated that more and more sensational information is reaching the media
(see, e.g. Loumé, [LOU 15]), pointing to the works of a team of researchers from the
Carnegie Mellon University in the United States on 3D bio-printing [HIN 15] that
could update a method allowing structures to be printed with soft materials serving
to support the culture of cells. In these works, a sacrificial scaffold serves as the
skeleton for the cells to provide the shape of a soft tissue. The authors have printed
these soft materials, containing collagen and other biological fibers (alginate and
fibrin), in a hydrogel support. The printed structure is then brought to body
temperature to eliminate the hydrogel support without deteriorating the biological
molecules. Thanks to this technology, the authors have managed to bio-print femur
and coronary artery models. Furthermore, using magnetic resonance imaging (MRI)
analysis, they have built a model of an embryo’s heart. All that remains is for the
cardiac cells to make the myocardium contract and an entire heart could be printed.

To create a partially artificial life simulating what Nature can make and even to
go beyond this, it would, in principle, be necessary to have profound knowledge of
the living. However, it is possible to imagine that, using “rudimentary” concepts,
there will be progressive evolution from laboratory experiments to the repair of
biological tissues [PAR 94]. However, the definition draws one remark: bio-printing
cannot be adapted to all living systems, but to specific, personalized situations (e.g.
a tissue) exploiting artificial systems. Instead of using ink, these “3D printers” of
organs are capable of depositing a mixture of living cells (“bio-ink™), layer by layer,
to form human tissues. As the organs are printed with the patient’s cells (or with
immunosuppressive stem cells), they are not rejected by the patient’s body. The
success of printing usable human organs therefore seems promising, so long as they
can be developed to achieve the desired functionality in their microenvironment, that
being defined as the local biochemical milieu, the electric/magnetic or chemical
gradients, the rigidity of the substratum, its topography, as well as external
mechanical demands. Behind bio-printing lies the idea of being able to model the
living by thinking that it will be possible to go beyond the immense incompleteness
of our knowledge of this world.

The original component of this concept resides in a principle of voluntarily and
skillfully implementing matter to induce one or more of its spatial (and temporal)
functions. On these bases, the engineer’s initial vision was to make “simple”, with
the tools at his/her disposal. Using still “rustic”, even simplistic, approaches, it is
possible to manufacture parts using inert matter, in very diverse fields. However, it
is necessary to consider the later goal of bio-printing: the cells positioned in the
space must organize themselves, migrate and differentiate autonomously to form the
desired functional tissues and to encourage the creation of a physiological
microenvironment capable of maintaining the functionality of the cellular tissue.
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The possibility of apparent spatial and functional determinism applied to the living
milieu is introduced to the scientific action.

The milieu not only includes cellular heterogeneity, but also the establishment of
the physical-chemical environment and paths of communication and exchange (e.g.
vascular system, nervous system, etc.) necessary for the long-term survival of the
tissue. Indeed, in a recent article, Munjai et al. [MUN 15] show the influence of the
cellular environment on the behavior of the whole in terms of growth,
differentiation, etc. It is thus a matter of making processes available to biologists
that allow cellular suspensions, aqueous solutions or hydrogels mimicking the
extracellular matrix to be deposited at the “right place” and the “right time” by
limiting the different stresses that the cells can undergo through additive
manufacturing processes. “The intelligence” of the process must aid cellular self-
organization processes that naturally take place throughout embryogenesis, or even
tissue remodeling. It is at this essential price, in order to go beyond proofs of
concept, that bio-printing must emerge.

4.4.2. Promises of NBIC convergence and bio-printing

“We know well enough that the collective conscience is a miserable
little plant that has a habit of fading when it is most needed”
[EIN 53].

4.4.2.1. NBIC convergence

A feeling of major scientific breakthrough can be correlated with the creation of
the American NNI (National Nanotechnology Initiative) in 2001 and the
reverberations it created in the field. In fact, nanotechnologies should be able to play
a key role in practically every application sector: medicine, information and
communication technologies, energy production and storage, new materials,
manufacturing new structures, tooling, sustainable environment and development,
security, etc. The acronym NBIC refers to four technologies, and nanotechnologies
are technologies that allow progression towards performances that soon will take
place at the molecular level, even if programming and modeling sciences are
essential elements of the basic principles of this convergence [ROC 01].

The movement of human activities to the nanometric scale should allow
industrial intervention at the heart of matter and the systematic research of the
combinations between bits, atoms, neurons and genes, opening vertiginous
perspectives: invisible and ubiquitous informatics (a computer in each object,
communicating, moreover), a cyborg body increasingly hybridized with prostheses
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or supporting technical transplantations, modified creatures, brain—computer
couplings, “molecular manufacturing” in the crosshairs, etc. The path borrowed
since its origin by a humanity that is creating itself seems to be confirmed: a
fascinating, even fun, path, but one that is narrow so long as the figures of crazy
power or enslavement are present.

In this framework, discourse on convergence, its ‘“great story”, brings
implications to be explained. It is tied to a vision of power (concentration, and
secret), a relationship to nature (to be reconstructed), and above all else, a certain
conception of that (its imperfection). It brings conceptions of knowledge that are
specific (that is, in fact, brought back to engineering), and conceptions of the subject
(cybernetized and reconnected) that are heavy with ethical and political
consequences. Above all else, emergence foresees, without taking a step back, an
upheaval of the conceptual categories between the human (based on neo-
Darwinism), the animal and the artifact.

4.4.2.2. BP convergence

Bio-printing is based on the liberal promotion of a new conception of health and
well-being focused on promises of commercializable innovations able to act in a
profound way on fundamental biological processes (ranging from repair and
maintenance to human enhancement) and, more realistically, on manufacturing
supports representing human tissues to allow drugs to be tested (instead of working
on animals and humans).

According to Lipson and Kurman [LIP 14], until now, Nature has remained
much more skilled than humans and computers concerning choosing and using the
different stem cells optimally! However, the vision is clear, supported by a public
that is very interested in having access to specific care, maybe even to possibilities
of “improving” human performances by awaiting the market launch of new
products, services or systems that satisfy a reinforcement of the demand for “well-
being”, for which people will accept paying a certain price (notion of attractivity)
and not the lowest price or the fastest production to access economically significant
niches. Let us remember that, according to Nowotny, Scott, and Gibbons [NOW 03],
“the domination of science and technology is [...] a two-sided coin: through the
production of “real” results and the creation of insatiable mirages. However, the
mechanisms that bring out these desires, control access to their endless means of
satisfaction, and regulate their diffusion come from the social universe”.
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Among the structuring factors important for supporting bio-printing, it is
necessary to consider the demand of the “baby-boomers” in our fully evolving
society. This group, which is great in number, has time and money, and wants to
“remain/seem young”. Yet, it has now been recognized that it is not generally the
marketing exercises that awaken individuals’ interest in a product, but rather
people’s intrinsic needs that create an effective demand. Then, the population’s
profile is crucially important for the choices made, bringing the other components of
the social body into the dynamics of production or service created. This means that
the opportune arrival of a new service is explained by the presence of a population
willing to assume it, to use it to reach at least a part of its goals [DEB 07].

In this media (and scientific) war linked to the attractiveness of a process,
Renouard [REN 15] reports the “hook™ of the company BioBots, which conceives
3D printers capable of creating living tissues. Its products have been available on the
market for a few months. In May 2015, BioBots, with sensationally promising
software, presented a printer capable of creating living human tissues, reproducing
Van Gogh'’s cut-off ear for that occasion and proposing the commercialization of 3D
printers capable of creating life. In the case of success, an immense applicational
field of this technology, which could have a potential worth of hundreds of millions
or even billions of €/year, can be imagined!

4.4.2.3. Differences and associations between promises

Discourse concerning NBIC and BP fields stems from a strongly symbolic
dimension and remains tributary to an inherited mythical thought. To seize all the
profound stakes of these technologies, it is necessary to know their imaginary
motivations, like trans-humanism [ALE 10, ALE 15]. Indeed, science and
technology are, like every human practice, made up of images and ambivalent
desires [CHI 09], with magical reminiscences. Owing to the primary subjects
evoked in the symbolic NBIC and BP (the mastery and manipulation of inert and/or
living matter, the transformation of Man, the heroization of the scientist,
immortality), NBIC and BP stories can seem like the modern expression of a
demiurgic challenge that Man is invited to accept, becoming himself the actor of a
new religion: the religion of technology. These fields tend to build a new picture of
matter and the body with interchangeable and programmable matters, the body able
to be associated with information.

Table 4.4 gathers the characteristic elements of these two technologies, among
which we can recognize “convergence” in terms of promises, oriented towards
health, and direct or indirect forms of trans-humanism, even programmable
immortality.
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NBIC convergence

Bio-printing convergence

Quality of life

Health (repair, illnesses including cancer,
etc.)

Enhancement of performance (and control)

Enhancement and recovery of performance

Man-machine relations

Regenerative medicine

Brain-brain interaction

Genetic therapy

Research on model systems

Immortality

Immortality

Table 4.4. Promises of NBIC convergence Bio-printing (BP)

4.4.3. Convergence

The term “convergent technologies” aims to integrate separately developed
components or concepts into a technical system. The cross-fertilization of convergent
technologies could be a source of innovation [LAU 05]. For AFTU [AFT 06], it is
indeed an interdisciplinary approach. The expression “convergent technologies” refers
to the unfortunate encounter between innovations in the fields of microelectronics, bio-
informatics, nanotechnologies and cognitive science. Technology advances to the
boundaries of scientific knowledge, under the pressure of powerful commercial or
political, and sometimes speculative, interests. The classical and almost “historical”
example is that of NBIC convergence illustrated by Figure 4.7.

Figure 4.7. Incremental/reductive process in NBIC “convergence’.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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This statement is validated by Cornu [COR 08], who writes, “Does technology,
beyond its undeniable progress, help support the dream of making applications
acceptable to the greater masses or does it rather give some fans of science-fiction
legitimacy to influence research programs? Whatever the case may be, a
‘convergence of interests’ has allowed people to gather around this inspiring
program”. The basic idea of convergence is indeed to extract disjointed knowledge
from the paths allowing industrial applications through the fusion of disciplinary
knowledge, which induces coupling between scientific, economic and social aspects
for successful innovation. Considering what was just explained, the two domains
concerned in this part exploit the same disciplinary supports, as indicated in
Figure 4.8.
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Chemistry l Clinical research
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Figure 4.8. NBIC and BP convergences and interdisciplinary approach.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

4.4.4. Comparisons

4.4.4.1. Quick return on interdisciplinarity

Knorr-Cetina [KNO 99] defines epistemic cultures as machines to produce facts,
which requires “skilled” scientists’ ontologies of organisms and “machines” that
result from knowledge stemming from reasoning through analogy, coming from
different scientific and technical fields, masteries of the doors to be broken down,
etc. Thus, the epistemology to be created between the virtual (realistic models) and
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the simplified real demands to be constructed through different disciplines with
transaction zones; this iterative (non-stationary) epistemology results from an
obvious interdisciplinary stake. Thus, presented as an eminently collaborative field,
the NBIC and BP frameworks should offer a particularly interesting field of
observation of interdisciplinarity. On this basis, disciplinary alliances must allow
reflection on the best ways to explore these domains considered to be promising,
without it being possible to know today if there will be an efficient relationship
between NBIC/BP project and expected functionality one day. In fact, consulting
different partners from different disciplines should be expressed through a diversity
of schools of thought that is revealing of the dimension, complexity and tensions of
the emerging domain that is the NBIC/BP framework. This normally must result
from difficulties “cooperating” between strongly heterogeneous actors.

Indeed, there are already force relationships between technological ends,
disciplinary scientific ends, knowledge-transfer ends, etc., for scientists. These
separated characteristics are often based on an appearance of a shared definition. In
fact, the new domain is probably defined, from a scientific or technological
standpoint, at least as much by ends, “systems of meaning” as by a field of
questioning or effective problems or a list of scientific and/or industrial results, etc.
The existence of a certain fuzziness may be due to an absence of individual and/or
disciplinary clarification, but also to the possibility of exploiting this non-stabilized
framework to act in a way engaged with the risk of “red dress effects” or “sleeve
effects” and other superficial effects. “Since there is no direct correspondence
between disciplines and their objects of study and, on the other hand,
disciplinization reduces comprehension space, the concrete study of objects requires
the spread of a space of interdisciplinary mediation” [DUC 99]. In the case where
this space is not found nor supported by the hierarchy in the broadest sense of the
word, dysfunctions can be expected, even a breakdown of the dialogue between
stakeholders. From this fact, proven in cases where the uncertain reigns [TEC 16],
knowledge of the diversity of representations is a necessary prerequisite to positive,
confident and honest exchange action (so long as this can exist).

4.4.4.2. Facts concerning NBIC convergence

A bibliographic analysis concerning the “hard science” aspects of the NBIC
domain is presented in Table 4.5. It illustrates the weak interpenetration of
disciplines. In the end, the expression NBIC hides a reality far removed from
promises (and fears) related to N+B+I+C risks that are, for the moment, practically
nonexistent on the component where every discipline interacts.
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NBIC matters N 1 Other fields

Neuron enhancement +

Nano-medicine

— Diagnostics + Tooling

— Therapeutics + Medicine

— Tissue engineering Engineering

— Nanometric motors, nano-robots + Robotics

Man-machine communication; + Humanities and social

artificial intelligence (AI) sciences

Voice recognition + Humanities and social
sciences

Nano-sensors + + Medicine; automatons: IoT

Nanoelectronics + Electronics

Micro-fluidics + Process engineering; fluid
mechanics

Protection of private life +? + Big Data

Table 4.5. Place of N, B, I, C components in
scientific and technological activities today

At the same time, the ethical and philosophical aspects surrounding a subject that
brings fears and hopes is the object of a much more intense activity, as shown in
Figure 4.9 (in the order of thousands of publications or works).

- - n-II

1995

2016

Figure 4.9. Publications concerning the subject
“NBIC convergence” for “ethical” aspects
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However, let us note that this situation specific to NBIC remains modest in the
face of all the works on “nano” risks defined in terms of effects on health. Several
statements can be made concerning these publications:

— the dynamic concerning NBIC aspects is practically simultaneous with the NNI
relation in 2001, whereas activities in experimental toxicology come later, published
with a certain delay, even if the increase in the number of published works remains
the same;

— the number of works on “convergence” aspects is no longer increasing, and it
seems to have a possible downwards trend;

—there is no longer a possible comparison today between the number of
publications in toxicology (several thousand/year) and that associated with
convergence (a few dozen).

On the other hand, without wanting to believe that the causal aspect is, to a
certain degree, derisory and that it cannot be taken into consideration (which is in no
way the author’s desire), the fixation on this subject, largely reported on by the
media, introduces a possible role of “enticement”, a point of fixation possibly
making citizens forget other, even more determinant changes that are taking place
each day on their way of life or that could occur in their existence. So would a bit
more or slightly fewer nanomaterials change undesired disturbances?

4.4.4.3. Facts concerning BP convergence

Two synthesis chapters (2 and 3) have been dedicated to this matter (see also
Guédon, Malaquin, and André, [GUE 17)); they demonstrate real proofs of concept
(creation of cell clusters for periods more than several weeks). But today, it does not
seem foreseeable to master the bio-printing system robustly only with knowledge of
its constituent elements, hence understandable trends for a comprehensive approach
practically like the one practiced by engineers, considering phenomena judged to be
preponderant in their model of understanding; it is thus necessary to escape
“materialism of the promise”. According to holistic theses, each cell influences the
whole under construction, which, itself, is involved in a recursive way in the
elementary element. But, how then to be sure that care is being taken with the
principal variables, if the complex local interdependencies (cells/environment and
vice-versa) exist? Yet, bio-printing objects are composites, systemic, unstable and
under constraints (some of which remain unknown to us). Thus, for the author,
whatever the scales considered, bio-printing is probably inaccessible to only mono-
disciplinary approaches.
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4.4.4.4. Practice of interdisciplinarity

Concerning bio-printing, the relatively “low” number of publications in this
emerging field has allowed a study on the division of the publications in “focused”
scientific journals. Figure 4.10 highlights the division that strongly supports a
remark by giving an eminent place to engineering science and technology (50%),
whereas the life science component remains below 20%. The borders between
spectra of activity in scientific journals are more distant than for disciplines with the
same application. The values found are therefore only indications, but the gaps
between results are sufficient for the consequences to be significant, as explained
below.

The question asked (and which will not be resolved here) is knowing if the bio-
aspect constitutes a central element of publications or simply another on a new
subject. However, if we are to believe Franco [FRA 15], a member of Hepatinov,
“the majority of the actors in bio-construction belong, incidentally, to the domain of
engineering, biomaterials, mathematics, and robotics, only leaving a small place for
physicians and stem cell researchers”. The problem of mediocre integration of
knowledge is thus asked (and translated into the nature of scientific reviews).

| Division of scientific journals

.l
=2
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Figure 4.10. Division of publications in the field of bio-printing by scientific journals.
1: Biology and medicine; 2: biomaterials and materials; 3: physics and chemistry;
4: engineering and technology (including bio-manufacturing); 5: miscellaneous.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip


http://www.iste.co.uk/andre/printing3.zip

292  From Additive Manufacturing to 3D/4D Printing 3

4.4.5. Epistemological questions

In any case, the modeling aspects in bio-printing, like NBIC convergence, are
hard to notice in the descriptions of the scientific papers based on their titles (and
also in reading some hundreds of articles that could have seem pertinent). In this
condition, it is clearly a matter of “finding its marks” by developing concepts,
methods and processes, by seeking adapted materials. The absence of significant
results concerning manufacturing real tissues still does not allow a vision borrowed
from rationality “thanks” to the contributions of the “hard” sciences (even if this
vision constitutes a promise on the part of start-ups and some scientists).

In the end, the publications attest to forms of induction or more prosaically
“knowledgeable do-it-yourself (DIY)” in an emerging field, where the ‘“hard”
sciences play an important role (by expanding their numbers of financial sources)!
For the author, it is (still) necessary to elaborate a distinction between power
(providing a guide for action) and scientific authority (possibility of refutation);
“knowledge does not make power” [LAS 07]. It is possible that the possibility to
respond to news and desires may make one direction of research convincing, even if
the approach does not clearly reveal its limitations, making debate difficult, as it
allows contradictions to arise as subversive elements, a dead weight on thought or,
for French people, “preventers from thinking in circles”.

Furthermore, each individual, in his/her own discipline, conservatism and
acquisitions, takes a certain distance from the subject for different reasons (know-
how, available tools, evaluation, etc.), which leads to remaining aloof, avoiding
adherence to roles whose internal coherence or the image the subject can contribute
to them is not totally clear [DUB 94]. It is then legitimate to ask the question of
knowing if certain researchers can lean on interdisciplinarity to attain financial
support, but of remaining in their “disciplinary” aloofness for fear of losing
credibility and recognition granted by their peers as members of a collective. This
question of belonging, even the identity of the interdisciplinary researcher, is also
asked in the context of competing for publications [VIA 16]. The rules of evaluation
do not have performative indicators to the degree of conceptual, even theoretical,
demand for interdisciplinarity. The academic powers remain in place, in “real life”,
despite recurrent posts, very close to disciplinary structurations, by essentially
supporting almost-opening. This stability in the modes of action induces
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conservatism avoiding risk taking, particularly any time (!) budgetary restrictions
are involved.

Independent of these aspects, the question is asked of means of tackling complex
questions with areas of lacking knowledge (see Figure 4.11) (epistemology: on
knowledge and logic, this is the branch of philosophy concerned with the theory of
knowledge; studies of the nature of knowledge, the rationality of beliefs, and its
justification) and of running a scientific and technological project. “What changes
radically is that there is no longer combination, at first, of the knowledge from each
discipline, but rather, a tendency to start assembling what is not known, ‘the state of
the non-art,” where the discipline could not give responses to the problems posed by
the object that one seeks to know and construct. Each discipline seeks the area in
which the object cannot be processed through its concepts and logic. This questions
scientific practice to its core because this non-knowledge obliges us to see
interdisciplinarity other than as a sum procedure. It obeys a logic of substraction
(with no lack), which leads each discipline to be reinterpreted by others. Mastery is
no longer the centerpiece. Not-knowledge is no longer marginalized; it lies at the
center of the process” [SCH 10].

.
Monodisciplinary approaches ﬂ
and causalities [\ N

Multidisciplinary approach - I
(i.e. Engineering sciences) ‘ 1 V N AT a=H
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Figure 4.11. Scientific approaches: cause—effect
relations surrounding complexity. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip
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4.4.5.1. Epistemology

Scientists’ natural practice is to research whether mathematical rigor and
algorithmic processes can ensure a conceptual body of doctrine at the interface
between technologies, engineering science, information science and biology that
could ensure new knowledge for the production of biological tissues and organs
(BP) or NBIC systems, all while knowing that no specialist can, in principle, surpass
a broader culture than that of his/her discipline. In a spirit of maximum empirical
shoring (Occam’s razor), the mobilizing idea is to establish a robust
theoretical/empirical model whose surplus descriptive content is minimum in
relation to what is indispensable to notice the phenomena.

In both cases, several disciplines are involved, which leads to “modeling” field
mutualizations, probably with equations of different behaviors, multiple and singular
interfaces, nonlinearities, scale changes (from sub-cellular components to organs)
associated with potential fractal forms, etc. Complexity invades these domains by
several paths: that of geometric arrangements, that of the complexity of the dynamic
(growth, reduction of scaffolding, e.g. in BP) and those of functionality, robustness,
cost, etc.

In agreement with Mathieu and Schmid [MAT 14], in-depth research can take
very diverse forms based on some kernels of knowledge derived from experimental
works or based on model objects supporting concepts (but which, in any case, will
only find meaning through a truly integrational interdisciplinary approach). This
implies an epistemological decision, which demands reflection for the best choice
among different “method discourses” built upon various pillars: creativity, divergent
thought, serendipity, exploration of complexity, proofs of concept, experimental
validation, modeling, simulation, etc.

4.4.5.2. Behavior of the interdisciplinary project

But how to come to recording research in an interdisciplinary perspective? In
several texts on interdisciplinarity, the idea according to which it is the complexity
of certain objects of study [BOI 04] that calls practice interdisciplinary is recurrent.
Indeed, the nature of the said objects is conceived as a dynamic system, “irreducible
to a single dimension” [KLE 04]. The accumulation of knowledge and the crossing
of views, the interactions between phenomena, undeniably characterize the objects
of research: complexity has become an intrinsic value of knowledge and research in
general.
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In these knowledge-fusion activities, it is best to limit, as much as possible, the
recourse to operations that increase the risk of losing mastery over the theorization
process. Yet, the social communications at the heart of interactions necessarily
mobilize common sense. It is difficult to “purify” the rational dimension of the
project — management at the cognitive level — of its largely implicit affective and
social components, and more fundamentally, of the symbolic dimension of every
human process. Sociologies naturally play an eminent role in the exploration of
cross-reflexive conditions; there is a need to know one another, to have common
references, to rely on strong implicit shared foundations [LEM 12, BAT 12].

These difficult relational and cultural methods, with aforementioned limitations,
can prevent (maybe definitively) the prediction of “the certain trajectory of an organ
construction” over its development in as precise a way as the classical object created
through additive manufacturing or the creation of an operational NBIC system.
However, it could be advantageous to try to construct virtual objects [COL 13] to
open new perspectives of understanding and management of the living and/or the
infinitesimal.

The analysis of the interdisciplinary actors’ games and the methods of project
governance are essential in “convergence” operations. In research on bio-printing, it
is important to reflect on the position of the actors in light of tensions between
disciplines and risk of misunderstanding. Do these risks induce divergences of
interest superimposed upon existing disciplinary splits or, to the contrary, do they
encourage coming together, even consensuses? Are tensions and these risks the
chance to renew existing policies and relationships between actors? Are we seeing,
in this matter, the emergence of new practices for accessing knowledge, leading to
technological and methodological innovations capable of conferring coherent
content to scientific strategies? What, then, are the theoretical frameworks
(paradigms) pertinent from a standpoint of articulating interdisciplinary dimensions?
How can we rethink, in a mutualized process, the strategies of research
development?

It is likely not a matter, in this case, of opening up to the proposal of a fixed
binary model: “bottom-up” interdisciplinarity versus “top-down” interdisciplinarity.
Each process of interdisciplinarity must mix, in a framework of trust, aspects of
incitation, even exogenous injunctions and initiatives and/or internal responses to
researcher collectives, motivated for research on boundary objects, but coming from
different disciplinary horizons [ZUI 06].
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4.4.5.3. Consequences

Biihlera, Cavaillé, and Gambino [BUH 06] remind us, “for the most part,
institutions, interdisciplinarity, is only conceivable if it does not question the
foundations of the disciplines, better, if it comforts the disciplines where they are.
Moreover, the methods of evaluation modify the ways of producing knowledge,
increasingly oriented towards the satisfaction of methods imposed by the New
Public Management than producing results better adapted to the service of the
Nation”. On this basis, Callon, Lascoumes, and Barthe [CAL 01] have introduced
the notion of “laboratorization” of the world, revisited in Figure 4.12 below.
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Figure 4.12. Laboratization of the world. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

Financing research has long been essentially based on a system of competitive
resource allocation [TRI 07]; the stakes of interdisciplinary openness and
convergence require more time to think and act, which is an important increase in
both human and financial needs. In a context of stagnating financial support from
National and European agencies, the clear result is a continuous reduction of success
rates. The pressure induced by competition comes to a point that it can produce
various negative effects: orientation of research activities towards subjects that are
more “promising” and/or “productive” in the short term, more trendy, pressure to
publish (with the risk of plagiarism), scientific fraud, etc. In this context, based on
experience, it is also difficult to evaluate transdisciplinary projects, whether this is
within a disciplinary commission or an ad-hoc transdisciplinary commission, itself
generally made up largely of disciplinary experts who, in a context of financial
limitation, only rarely take on the risk of integrating knowledge [ZAC 16, TEC 16].
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Table 4.6 below summarizes the questioning associated with a “successful”
epistemological approach associated with the two convergences, NBIC and BP.

Practices to challenge

Reflecting on the possible meaning of the hierarchy of disciplines

Problems associated with the cross-fertilization of research through interdisciplinarity
(social engineering, mutualization, tooling, concepts, etc.)

Reflecting on the (over-specialized?) training of researchers

Reflecting on the evaluation of research (and researchers) on risky subjects; rebuilding trust

Supporting financing for risky creative operations

Supporting the exploration of complexity

Moving towards productive “slow science”

Table 4.6. To challenge practices to
explore NBIC and BP convergences

4.5. Conclusion

It is generally accepted that scientific research produces predictive scientific
theories and applications. These theories must contribute to the definition of
strategies for intervening in the real. They can thus generate unheard of objects and
new representations, ideas and theoretical tools that can overflow from their field of
origin (e.g. trans-humanism resulting from the estimated potential of NBIC
convergence and/or bio-printing). So long as they were produced, these objects
could, in turn, become objects of knowledge and analysis of the possible risks that
are associated with them. But in the case of the NBIC and BP convergences, the
representations, fantasies, constructions or images created in the absence of
knowledge escape the scientific domain. They have led to the premature creation of
standpoints capable of providing references (that are certainly criticizable) to give an
opinion on a complex domain of convergence that is still under construction for
various reasons explained in this chapter. What representations of NBIC concepts
result from this situation? In a probably caricature-like way, they are those of a
world polluted with carbon nanotubes, asbestos, trans-humanism, truncated public
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debates, senseless promises, etc. The (recent) history of the “nano” domain and
NBIC has an influence on the representations that can be made of a practically
untouched domain from a scientific standpoint and one that is already greatly
polluted negatively (NBIC) and in terms of desirability (BP) by diverse ideologies.

“To improve the conditions of their market launch, an obvious strategy to
increase the desirability of objects involves magnifying their psychosocial halo by
assocating them with various attractive and stimulating images [...]. The effect
obtained is the intensification of their visibility, ‘brilliance’ analogous to a diffusion
effect that would increase the apparent size of the object” [BON 09]. Even if
everything that is NBIC or BP can be considered a harbinger of modernity and
solutions for the planet, the initial rejection or attraction cloud the identity of each
realization, which can be, through enlargement and amplification, profoundly
counter-productive. It would thus be a matter of bringing out the two convergences
as something other than a homogenous set appreciated or rejected by one group.

However, complexity is a challenge for project managers. Repeated failures of
projects, however well planned, are proof of this. Why do we fail when everything
seems to be made according to the rules of the art? Usual interdisciplinary project
management methods are adapted to foreseeable situations, where the uncertain is
considered only at the level of risk management or changes. On the basis of
Descartes’ teachings, the difficulties are often divided into as many parcels as are
necessary for their comprehension. This is well illustrated by the divided structure of
the project, which, if it is significant, must not, by the fact of these divisions,
simplify the problems in a reductive way, completely ignoring if it is crucial to
compose with the complexity of the real (see responses to an ANR (French National
Agency for Research) or H2020 (EU Framework Program) call for tender). The
model seems to be an efficient tool of translation into an acceptable language, but
the question of its neutrality remains. By seeking to find, at any price, a common
basis of work between disjointed knowledge, is there not a risk of smoothing out the
interdisciplinary landscape, of standardizing science towards a mathematical logic,
and of bringing about domination of the information sciences [HER 15]?

These remarks attempt to show the interest (and difficulty) of thinking of the
elucidation of logics of constituting scientific knowledge in complex domains such
as NBIC and BP convergences, because these have an influence on the
representations associated with them. “Interrogation on the method could thus be an
indispensable phase for the spread of [the researcher’s] ethical responsibility”
[DEI 10]. In an attempt to conclude, Figure 4.13 below tries to serve as a (2D!)
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synthetic reminder so that the convergences (including NBIC and BP) can be
explored by science (so long as it has time, people and means). However, this is
independent of the author’s scant power, even if he believes that the chances of

succeeding, for reasons of epistemology and daily science practice, seem to him
very slim today.

Interdisciplinary methodologies /./ : )
Revisiting its activities \ : e e Ty re \\\
Project management controlled by peers ‘\
Experimentation-theorizing | Creativity and divergent thought "w,ll
coupling [ Trust ‘
Optimized repeatability action | Research recorded over time |
plans Support of the hierarchy for risk- f.-’l
Robust modeling \ i /
Inverse problem \"\.\\ /,
Risk analysis A
ys \\\ /,/

Figure 4.13. Recommendations necessary
for exploration of NBIC and BP convergences

Just to conclude in an open manner, let us not forget these words from
Benasayag [BEN 94]: “As for researchers, naivety is a bit more complex. They
maintain that their models and automatons ‘still’ do not have all the qualities and
possibilities of natural life, but there is a reason why they give it the name ‘artificial
intelligence’ and ‘artificial life.” There is indubitably a bit of Frankenstein in these
honest researchers, because why not call these machines ‘device’, ‘Schmilblick’,
why not speak of ‘construction’ rather than ‘creation,” a word with strong
connotations that, if it does not refer to Frankenstein, reminds us of a famous
biblical figure”. Difficult to undertake while remaining sensible!

“From now on, biologists will not only have to live with complexity,
but also love it”. (Klein quoted by Atlan [ATL 11])
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Questions of Epistemology and Modeling

“Technoscience is the study of that intricacy of the technical and
scientific, it is interrogating what brings them together (which is
known as their convergence), is it also looking closely at their
practical project: ‘domesticating matter,” ‘manufacturing life’?
What conceptions do the technical actions of such ambitions
callon?” [LAR 17]

“The fact remains that the construction of a tissue or the
differentiation of an organ, macroscopic phenomena, must be
considered the integrated result of multiple microscopic interactions
due to proteins and depending on their properties of stereospecific
recognition”. [MON 14]

“Engineers hate complexity. I hate emerging properties. I don’t want
the airplane I want to take tomorrow to have some emerging property
in flight”. [DRE 10]

“We don’t have the right to demand that a promise be kept; we can
only hope for this as a virtue of primal ethics, because promising is
already betting on time, on the permanence of the subject that will not
have been versed in folly or succumbed to death. But promising is
believing that language involves you and that a truth is at risk in
everything that is said, rather in the manner and moment when this
will have been said, in the intention of the body and voice, in
contained presence and the surrounding silence”. [DUF 11]

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
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“Modern natural history, witness of obscure battles, is not netural; its
models and observations form the plot of contradictory certainties
that sometimes allow science to be used to forge opinions, to comfort
options and social convictions”. [CAR 86]

“By focusing it on the ‘useful,” there is a specific risk of
compromising the very fertility of the social contribution of science”.
[GUI 15]

“Several disciplines of [Engineering Sciences] are thus, today, broken
down, not on the academic level where some excel, but in relation to
what has fed their foundation and give them pertinence. The industrial
models that inspired them are sometimes outdated by several decades.
For some disciplines, it is urgent to renew their foundations, to
requestion basic hypotheses, explicit and implicit alike. In the
industrial world, there has been a change in the productive paradigm
[...]. It is best to return to the site to renew the models.
Interdisciplinarity, in this context, becomes a modality of research
that makes sense”. [VIN 00]

“The pretention of science to dissolve into the anonymity of the
mechanical, physical, and chemical environment, those centers of
organization, adaptation, and invention that are living beings...
Hence the insufficiency of all biology that [...] would like to eliminate
any consideration of meaning”. [CAN 65]

“This refers to saying that a correctly posed issue does not
necessarily have a solution”. (Turing, according to Levin [LEV 10])

5.1. Introduction

“The body ceases to be the key concept that surrounds the idea of life.
This appears more and more to be an original, complex organism of
chemical and thermodynamic phenomena in self-organized systems
(with its own generative device localized in the genes), and at the
same time, eco-organized, drawing on the energy and, even better, as
all animal life does, from organized complexity, in an environment
that, itself, is living or an ecosystem. Cybernetics, systems theory, and
automaton theory are already being applied and cover various aspects
of the operations of living beings”. [MOR 74]
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“It is the intrinsic activity of the system that determines how we must
describe its relationship to the environment, which thus engenders the
type of intelligibility that will be pertinent to understand its possible
histories [...] The notion of sensibility is found to be associated with
that of instability because, in this case, it is a matter of the system’s
sensitivity to itself, to the fluctuations of its own activity”. [PRI 09]

“What changes radically is that there is no longer combination, at first,
of the knowledge from each discipline, but rather, a tendency to start
assembling what is not known, ‘the state of the non-art,’ where the
discipline could not give responses to the problems posed by the
object that one seeks to know and construct. Each discipline seeks the
area in which the object cannot be processed through its concepts and
logic. This questions scientific practice to its core because this non-
knowledge obliges us to see interdisciplinarity other than as a sum
procedure. It obeys a logic of substraction (with no lack), which leads
each discipline to be reinterpreted by others. Mastery is no longer the
centerpiece. Not-knowledge is no longer marginalized; it lies at the
center of the process”. [SCH 10]

“Paradigm shifts make scientists, in their research field, see
everything from a different perspective. Insofar as they only have
access to the world through what they see, we can be led to say that,
after a revolution, scientists react to a different world”. [KUH 62]

“One of the most spectacular aspects of this new behavior is the
formation of unbalanced structures, when irreversible phenomena play
the fundamental role. One of the most spectacular aspects of this new
behavior is the formation of unbalanced structures that only exist as
long as the system dissipates from energy and continues to interact
with the outside world”. [PRI 93]

The subject of mastering bio-matter embedded in these five quotes resonates
with a foundational article from 1929, quoted by Eric Cances [CAN 16], in which
P.A.M. Dirac wrote, “the underlying laws of physics necessary for a mathematical
theory covering a large part of physics and the totality of chemistry are thus
completely known, and the difficulty is only that the exact application of these laws
leads to much more complicated equations to be solved. It is thus desirable for
methods to be developed for the approximation of quantum mechanics models,
which would allow the properties of complex atomic systems to be explained
without many calculations” (numerous challenges must still be risen to be able to
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perform simulations through these methods of complex systems due to the scourge
of the dimension and the multiplicity of scales) [MOL 12].

The experimental results on bio-printing, presented in Chapters 2 and 3,
come from experiments that are not, despite saying it, either thought to be or
experienced as integral; the emphasis is placed on singularities rather than processes.
The expression convergence indicates a decisive sorting activity for (proper)
diagnosis. In fact, it is marked by the sign of indecision, the unkept promise, in
short, virtually the undecidable. In this notion, an implicit unit is presupposed to
produce a uniting notion about which it is possible to think that it may be associated
with solid epistemology. Can we agree with Revault d’ Allonnes [REV 12] when she
writes, “everything seems to change frenetically, whereas, in reality, nothing moves
in a petrified and immobile world”? In the book “The Leopard” [TOM 06], the idea
was very much the same: “everything must change so that nothing changes...”. Just
the appearance of change?

Tissue engineers have long attempted to produce correctly vascularized tissue in
laboratories that is robust enough to replace damaged tissue, wiping away numerous
failures to achieve results qualifying as a proof of concept (but this is the price to be
paid in risky research). Other teams have played the bio-printing card more
prudently, but they have had to limit themselves to an insufficient portion by
producing extremely fine tissue. Attempts to print thick layers were negative, as
sandwiched cells did not have access to sufficient oxygen or nutrients, nor were they
able to properly dispose of carbon dioxide and other wastes products. They thus
ended up dying. To bypass this problem, nature has a network of minuscule blood
vessels with thin walls, which nourish everything while removing waste. This is a
schema selected by attempting to couple bio-printing and microfluidics to allow the
irrigation of bio-constructs.

Is something truly new, a breakthrough, being explored, or is this, in a trend
associated with real social demands, 3D printing with a “false nose”? “The novelty
of modern times thus has a very particular emphasis. It is not only about an
awareness of the time that is delineated from the past and institutes the border
between ‘here’ and ‘now,” but a breakthrough that, by refusing the authority of
models, takes away all of their value as examples: all antecedence is declared
defunct and obsolete” [BLU 99]. Waves have been made in the sea of scientific
incompleteness.

In the different works illustrating the possible satisfaction of extraordinary
promises, published activities are essentially descriptive, without any attempt at
understanding in the sense of mathematical models, based on the finest knowledge
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possible of biological systems and their interactions with the environment being
scientists’ focus. In this chapter, the mission is to escape a “bottom-up” approach
through trial and error in an attempt to propose plans of action allowing synergies
between modeling and experimentation (top-down approach). Figure 5.1 illustrates
the situation as it is perceived by the author today.

Hybrid approach

ﬁ Conceptual investment \
Top-down
approach

Figure 5.1. Proof of concept output in bio-printing. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

Several types of interrogation emerge in the scientific and technological
evolutions related to bio-printing:

—using the bio-printed system as it is built for scientific studies on cellular
migration, proliferation, etc. (this stems from the author’s modest expertise), as well
as using it for industrial toxicology assays or in cancer research and personalized
medicine;

— seeking to experimentally produce the most simple biological systems possible
for easier creation, but studied to be adapted to real biological environments (e.g.
skin grafts; see Chapter 3);

— trying to model the behavior of bio-printed cells. Considering the results of the
literature and the complex interdependencies between parameters (see attempt at
representation in Figure 5.2), the task seems difficult today. This is indeed what
motivated the present reflection, which aims to start seeking better familiarity with
the literature on different kinds of tissues to reduce this complexity as much as
possible. This “simplification” task still has a long way to go;

— “playing” on both approaches at once (hybrid approach).
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Figure 5.2. Interdependent difficulties of complete bio-printing modeling

The question posed is indeed that of having robust information on cellular
behavior, allowing progress to be made in modeling aspects. Following discussions
that took place with biologists, to revisit an image (provided in part by Watzlawick
[WAT 91]), are we not in a situation where an observer (knowing neither the game
nor the language of the players) has, for a given time, an observation of failing
players: if he/she is given time, it will be possible to isolate regularities, to figure out
that the goal is defeat, etc. In short, he/she must be able to recognize, after a certain
time, the rule of the game and himself/herself become a player. If his/her time is
counted, it may be possible to find some rudiments of the operation, or nothing at
all. If it is now a matter of crazy players who apply a rule with anarchic evolutions,
the observer will not be able to discern a legitimate trend model. This is also the
case if he/she cannot see “the things behind things” (consider Plato’s allegory of the
cave). This is indeed one of the dilemmas of the emergence of bio-printing as a
scientific domain that is discovering if there is one or more still-hidden mechanisms
(and thus mechanisms to be discovered) or if, to the contrary, no matter the time
dedicated to it, the observer will never be able to understand the intimate functioning
of the game of differentiation and cell growth in a bio-construct. As an example,
Chapouthier, in 2012, writes, “Observation of the living world clearly shows that
complexity results from the repeated application of two large principles: the principle
of ‘juxtapositing’ entities of the same order of complexity and the principle of
‘integrating’ these intities into more ‘complex’ wholes, of which they then become
part [...]. Thus, for example, identical cells can first be juxtaposed to provide tissues
of identical cells, then integration leads to organisms, where cells have different
functions: liver cells, muscle cells, nerve cells, etc.” (see also [DOR 10]).
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From a bio-printing modeling standpoint, we can consider a system evolving
over time and originating from a given shape at the moment 3D printing took place
to achieve another shape (dynamic approach), normally researched, or impose
different kinds of constraints (chemical, mechanical, energy, etc.) that will bring
about deformation upon an already-stable shape (thermodynamic approach). In the
former case, it is best to introduce time elements allowing the evolution to be
defined at a given time; in the latter, thermodynamic elements and those with
chemical potential are introduced. These are classical problems that, even with non-
living matter, are always difficult to resolve, if only in the case of badly conditioned
linear systems (see difficulties of deconvoluting signals due to noise and
measurement errors; see [MUG 08]); this will be even more difficult when using
nonlinear approaches with noised signals. It is essential for this to be at stake
because mastering the inverse problem that must interest the healthcare professional
may constitute an integral means of creating an object from an easily formable
matrix whose deformation function of time or energy provided could allow a
functional tissue or organ with a complex shape to be created. “The notion of
determination depends on the inference of the cause based on the effect.
Epistemologically speaking, a valid assertion can only be made concerning the
cause, based on the effect, if a single sort of cause may have produced the effect
in question. Yet, in the case of determination, this is precisely what happens”
[BER 84].

Here, it is indeed a matter of examining whether there are one or more
responsible processes allowing this goal to be achieved, of attempting to temporarily
remove proofs of concept and not to get involved in these words from Larrére and
Larrere: “With this naturalization of the dynamics of science and technology, there
is an escape from the conception of technology in terms of means and ends — which
implies a project and thus a subject — to tackle a conception of technological
development in terms of processes with no subject, with no possible mastery. Taken
over by a number of scientists, this discourse, whose goal is to declare all
contestation as old-fashioned and useless, has the consequences of freeing the
technoscientific networks involved in the conception and diffusion of such
innovations of all responsibility” [LAR 17].

It is thus to be expected, in this final chapter of Part 2, concerning a possible
“rational” approach to bio-printing, to “trudge through” an exploration of a
fascinating subject, but one that is difficult to take into one’s own hands (at least for
the author!) and to involve the reader in understanding doors to be knocked down
before bio-printing can become a routine process in reparative medicine (or even
more?). As there is a risk of discussing ontology, Figure 5.3 synthetically recalls the
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general goal of this chapter, which is to be able (and with precision) to model the
production of biological tissues (and tomorrow or later, even organs).

Ontology: concerned with the nature
of research objects,

Epistemology: Manner in which its
research objects will be understood and
known

Ontology

Methodology

Epistemology

Figure 5.3. Basis of reflection for modeling

“We must not forget that epistemology is the part of philosophy that aims to
critically study the postulates, conclusions, and methods of a particular science,
considered from the standpoint of its evolution, in order to determine its logical
origin, value, and scientific and philosophical significance, as well as the
fundamental concepts, theories, and results of diverse sciences to determine their
origin, value, and objective significance” ([NAD 99], see also [DHO 06, NAD 16]).
The recognized epistemology is unlikely to be able to correctly evaluate the place of
science in the imaginary, because this risks overvaluing the discriminating power of
reason. Similarly, an in-depth analysis of the literature on bio-printing may lead to
the inverse effect with tendencies to despair because the task seems immense, as
S0 many strangers appear overnight. Precious on-site because it allows the research
to take some distance from his/her “objects”, epistemology is both a healthy practice
but also one that can reveal itself to be a rather vain theory, as it risks not helping to
grasp the reality and complexity of scientifically unstructured domains like bio-
printing. In short, is the case as hopeless as these few phrases lead us to believe? We
must look deeper into this question, as usual. But this time, the literature on bio-
printing, considered for its “modeling” and/or “simulation” aspects, is particularly
scant. Only a few teams have looked at the question (apparently, fewer than 10-15)
and these since roughly 2010. The experts in the field must either be sought with a
magnifying glass or exist (maybe without knowing it) in other disciplinary domains.
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With all due respect to the majority of intellectuals, reason is not qualified to
criticize itself, because it is self-indulgent, particularly in the framework of
collective actions where the justification mechanism is fully at play (particularly
when seeking financial support). But what must be demanded is a debate, even a
vigorous one, and not just on information, otherwise researchers’ interest will not
reach the substance of decision-making, delegated to technocrats of a “higher level”,
associated with societal pressure. It is true that there is a debate between proponents
of the bottom-up approach (pioneering experimenters, PE) and those of integrative
reflection (top-down risks appearing, on open subjects, in a non-stabilized heuristic
approach to be a discussion without robust foundations through the impossibility of
deciding and moving on). The latter hopes to find meaning in a heuristic approach
defined in Figure 5.4 (taken in part from the previous chapter); we will call these
“heuristician” experts or HEs; through their modalities, they foresee becoming
“boundary-crossers”. Debating is, however, attempting to go beyond certain
paralyzing stereotypes, applicational desirabilities, competitions, emotions, and the
search for recognition, even “rat races”.

Causal

Fields of expertise f /1 i

jw Algorithmic

Heuristic (unverified
presumptions)

Broadening the scope of expertise ‘

Figure 5.4. Fields of expertise (the Gaussian approximations
represent scientific acquisitions resulting from PE work)

According to Durand [DUR 13] quoting de Saussure, a system is “an organized
whole, made of solidary elements that can only be defined in relation to one another
as a function of their place in that whole”. The question asked in this reflection
concerns the decomposition of a system into specialized sub-systems (e.g. at
different spatial scales) in an attempt to advance (see Figure 5.5).
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Figure 5.5. Complex system

5.2. The PE approach (seen by a possible divergent, somewhat of an
HE) [AND 16]

Living matter can be ordered, meaning that its shape can, at least in an initial
approximation, be described geometrically. It is essentially on these foundations that
the publications concerning bio-printing are situated. By preparing shape elements
through additive manufacturing (including inert matter and living matter), it is
possible to think that, if one is perseverant, it will be possible to (soon) achieve
organ repairs by introducing, where and when necessary, living cells that will know
how to develop “as they should” for a given end (with a known environment). In this
“paradigmatic” context, bio-printing could be found between “classical” additive
manufacturing, a field of (process and materials) engineering excellence, and
biology, even “natural” life sciences (if we do not draw too close to a tautology).

Relative to classical additive manufacturing techniques, printing biological
elements adds a very significant level of complexity to processes because it is
necessary to “intelligently” structure living or non-living materials, imitating the
extracellular matrix, and to control the spatial distributions of different types of cells
or biomolecules that either communicate among themselves or participate in the
transmission of information and that can play a role in cellular differentiation, cell
growth, apoptosis, etc. (e.g. in a recent article, Munjai et al. [MUN 15] show the
influence of the cellular environment on the behavior of this entity in terms of
growth, differentiation, etc.; they are followed by Caiozzo et al. [CAI 16], who show
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that modifications of the physical characteristics of an artificial 3D extracellular
matrix in which differentiated mature cells are cultivated (modifications in the
biochemical composition and the rigidity of their microenvironment) influence the
generation of iPSC or induced Pluripotent Stem Cells). It is thus a matter of
providing biologists with processes allowing cellular suspensions, aqueous solutions
or hydrogels to be deposited by limiting the different stresses that cells can undergo
through additive manufacturing processes. However, at the same time, mechanical
vibrations can have positive effects on the expression of certain biomolecules. The
engineer then seems helpless.

The approach on varied levels involves substituting a given system, particularly
a living one, a different environment presenting “precisely what is needed” in terms
of analogies with the first, so as to infer credible and repeatable conclusions because
they are more reduced and thus, in principle, easier to study. This multi-level
approach to the living should be analyzed using concrete examples to identify what
can be explored (knowledge of the real and possible): robust, current knowledge and
present abilities of bio-printing. Through scale elements, it is already possible
to predict the behavior of DNA and the other nanometric constituents of living
matter, intracellular components, individual cells, cellular interdependencies, the
microscopic architecture of organs, the organs and some of their sub-sets, their
shapes and interactions with their environment, etc. However, when an object attains
a certain complexity, how can we know if the smallest known and representative
description is not the object itself?

With comprehensive approaches (on small voxels, these being, let us recall, the
“elementary bricks” for constructing an object layer by layer), the comprehensive
system analysis methods could give rise to a “black box” type modeling that will
neglect at least some of the elements whose voxels are constituted, keeping only the
main parameters, which are considered to be reasonably related to — and
representative of — the studied system. “Systematic modeling bases its originality on
its ability to respect this dialectic constituent of all complexity: becoming by
functioning and functioning by becoming, by maintaining its identity” [LEM 06].
Every level very likely has its own specificities in terms of functioning, interaction
with its environment and structure. From this comment emerges the following
question (that must be validated): is fractal perfection (same behavior and properties,
whatever the scales) applicable to the real living world?

Moreover, it is necessary to recall that we are always working on a corpus of
extremely incomplete knowledge whose degree of generalization at larger or smaller
scales can be questioned. However, the idea is to study the control parameters
(temperature, various flows, various heterogeneities, spatial divisions, etc.) to try to



326 From Additive Manufacturing to 3D/4D Printing 3

examine the existence of attractors and their deformation(s) induced by the
environment. Indeed, “most of the processes responsible for the functioning of the
living, at every level — from the cell to the ecosystem — result from tens, hundreds,
even thousands of factors: presence or absence of an ion, of a molecule, of a
nutrient, of a gene, structure of a protein, etc. Deepening their understanding
therefore implies mastering tools likely to represent and analyze these complex
interactions. This is what today is known as “network biology” [VAN 12].

The laws of biological growth are associated with numerous dynamic
phenomena, nonlinear due to the richness of the already observed scenarios. The
appropriation of the domain into an interdisciplinary approach (involving all the
concerned disciplines; see previous chapters dealing with the notion of convergence)
is obviously a key element to attempt to move the subject forward (somewhat
following in the footsteps, maintaining all proportions, of the conceptual work by
Carnot in thermodynamics). The culture of nonlinear dynamic systems (NLDS),
certainly complex, is still not very diffused, even (and particularly?) among the HEs.

Let us recall that, in linear systems, modifications of the parameters lead to
quantitative changes, but they do not modify the behavior (stationary condition) of
the system. In NLDS, a small variation in certain parameters, the so-called control
parameters, can, in well-defined conditions, approaching a critical value, provoke a
total behavior change in the system’s balance. That is what is called bifurcation.
Figure 5.6 represents such a “bifurcation in a fork™.

Particular variable of the system ‘

Stability
.

‘ Control parameters

Figure 5.6. Bifurcation in a fork
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“Thus, what seems a priori to be ‘simple’ is in fact the result of the combined
evolution of various characters, moving towards real optimization of means.
Therefore, this is something very complex, from a biological standpoint, and the
first vision of the simple ancestral disappears through this reversal due to evolving
reasoning” [LEG 08]. Figure 5.7 from Delignicres [DEL 15] reminds us, in a two-
dimensional representation, of the situations associated with possible bifurcations
(achieving different states through the same law of behavior with multi-stable
states).

‘ Attraction field 1 ‘ ‘ Attraction field 2 ‘

| — @ —

N / .
N “Repellent”

Attractor

Figure 5.7. Schematic representation of a landscape of attractors.
For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

In this figure, the stability levels are in the catchment areas while the “repellents”
correspond to the areas of maximum instability; in the figure, the ball can go either
to the right or to the left according to the very weak impulse that it receives. The
essential characteristic of the attractor is the stability of the order parameter with a
strong tendency towards reproducibility. According to Delignieres [DEL 15],
bifurcations are announced by critical fluctuations, that is, a significant evolution of
the order parameter approaching transition (as in a modification of the orientation of
the molecules in an organized system once the transition temperature is exceeded).
Later, it could be possible to find an applicable approach if, during these evolutions,
the number of attraction fields and their qualities are not greatly disturbed. In other
words, is it possible to show the possibility of having, as Thomas et al. [THO 04]
propose, ‘“chaotic labyrinths” that constrain the complexity? For bio-printing,
starting at a given position of the cells in a given environment, does the system’s
evolution always converge towards the same solution? In any case, the information
resulting from the experimental process to be undertaken should provide data
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(if possible, robust data) on the living systems studied and on their evolution
dynamics, with the potential existence of catchment areas. If a single one exists,
there is a possibility of thinking that the evolving system could be approached with
the help of a deterministic model. But will this be a general case? If we refer to the
recent paper by biologists [OLL 16], who do not illustrate this potentiality of having
a single path of bio-manufacturing in a biological system, there is room for doubt
(see Figure 5.8).

Bifurcation

Type 2

Figure 5.8. Bifurcations in a biological system. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

The creation of “custom-made” heterogeneous controlled 3D systems may
effectively be a means of (slightly) approaching reality in the sense that it allows a
certain elevated complexity (so long as at least part of a vision of reality is
maintained and subsequently a rather robust modeling basis) to perform experiments
that effectively reinforce the concept (or that will contradict it) [LAU 13, SEV 05,
ABB 15, CHA 11]. Such a scientific approach must allow knowledge of whether a
certain degree of predictability can be achieved in manufacturing a biological
organization. It is then a matter of having experimental study tools to validate a
conceptual framework allowing the planning of a satisfying solution to the
biological question, particularly if it must one day be applied to humanity. The PEs
have already had to define experiments whose respective statuses, the questions they
are meant to answer, the methodologies, ambitions, etc., are normally defined.

The stake would thus be to perform large-scale scientific research in order to
have a knowledge base allowing a causalist credibility of the bio-printing project to
be qualified vis-a-vis printing organs (and which organs). Thus, to take an example,
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if a system made up of a voxel (or several) can undergo an uncontrolled bifurcation
by controlling external parameters, how could we, with credible likelihoods, foresee
the pertinence of an operation possibly aiming one day at a graft?

5.3. The HE approach

Many fields escape “rational verification” in the natural sciences, is this also the
case for the hundreds or thousands of publications on bio-printing, with different
conditions, different cells, etc.? However, this conception of rationality seems
ruinous to some: it could only be the twin of the arbitrary and the obstacle to
seeking, continuing to publish beautiful proofs of concept. Consequently, to avoid
this kind of pitfall, the HE project can/must take shape: if this image of reality
corresponds well to the attempt discussed below, then it will be a matter of starting
with this conception and attempting to develop it.

The goal of all modeling is, for every “professional” who is somewhat a
technician, to provide a parametrable system (when possible) with a view to
optimizing it relative to an end, thanks to a wise choice of input parameters, a
“stable” and robust enslavement in its temporal (even spatial-temporal) dynamics.
The environment of bio-printing systems requires the knowledge of independent and
interdependent variables that condition its state at a given time. The more complex
this system is, the more it must be classically described with the help of a number of
coupled equations, if possible with the most limited number possible considering
what is measurable (and measured). For the engineer, the model that will hopefully
be elaborated is generally situated between efficiency and truth, where there is a
hope for an “acceptable” compromise between faithfulness to reality and simplicity
of implementation. But what are the approximations that make the model
operational according to instructions imposed by users? To achieve such a goal, it is
necessary to pool the knowledge from the different disciplines concerned, with all
the associated difficulties (see section 4.4 of the previous chapter).

By proposing an interdisciplinary approach, the HE project does not aspire to
make the approach play any other role than that of being at the service of each
discipline, by setting itself the goal of underlining, for example, the complex process
that leads to formulating an explanatory or interpretative hypothesis, allowing a
relation of dialogue and mutuality to be installed. Let us add that the HE project
outlined in this way presupposes the adherence to the standpoint of metaphysical
ignorance. With this in mind, the project should have the rule of motivating critical
reflection on directive ideas, founding intentions, directing concepts, and the
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methodological, paradigmatic, anthropological, epistemological and ethical
presuppositions of each discipline. But, at the same time, it must accept humbly
restricting itself to a task of clarification, of wisely clearing up, which could not
aspire to later clarity or a fundamental truth.

Technologies are only visible elements of a broader whole, the physical and
conceptual constituents of which merge only because of a common history [TIN 94].
What was just recalled is that we wish to make a comparison between bio-printing
and “classical” additive manufacturing processes and that additional barriers are
added, some of which stem from the conceptual [GOD 04, GOD 11, GOD 12,
GOD 15]:

—a complex choice of supports (scaffolding) for the development of systems
using living cells;

— there are many biological phenomena involved in the development process and
their laws are far less well understood than the elementary laws of physics, for
example;

— cells with variable origins, function of the chosen end;

— the interactions with the environment are complex and continuously regulate
cell growth;

— evolutions of cellular systems, complex functions of factors from the spatial,
chemical and mechanical environment, interactions with the support, various
transfers, etc.; there are many tightly interwoven levels of organization, making it
extremely difficult, even arbitrary, to decompose such a system into simpler and
more independent elementary sub-systems;

— does the change in scale respect principles of autosimilarity;

—is the intermediate growth of cells before deposition detrimental to the goal
(see [GUI 10]);

— the initial conditions are not measurable with an arbitrary precision;

— interdependencies between these large primary domains; etc.

Living matter being positioned in space, it is possible to think that structures,
more or less self-organized, must be associated with certain types of physical or
physicochemical conditions that surround them [MYO 11, MOR 04]. The ultimate
goal is to control the interactions with the environment for the desired cellular
growth, that is, being able to maintain matter, energy and information flows
necessary to the metabolic processes they house. “It is thus that we expect, in this
framework, to see the appearance of morphologies like the materialization of areas



Questions of Epistemology and Modeling 331

of greater likelihoods. That is to say that we are dealing with a very general theory
of self-organization, particularly at the level of morphogenesis and morphological
evolution” [CHA 12].

It is possible to call on heuristic resources and a hierarchical vision of the
questions associated with bio-printing marked by the mechanist paradigm inherited
from the Aristotelian tradition that has prevailed in scientific thought to today. For
some years now, another community has regarded this question of managing/
modeling from another paradigm, that of the self-organization of living systems of
close systems: multi-agent, ‘“holonic”, “heterarchical”’, and bionic systems
[RAM 88].

However, if we place ourselves in a broader evolutionary perspective, as was
already mentioned, it does not seem possible to predict the functional, spatial, and
temporal elements of shapes by deducing them from the application of the simple
laws that we could have identified, and this, on different scales (from the
components of a cell to the tissue; see Figure 5.9, inspired by Martins, Ferreira, and
Vilela [MAR 10]). More precisely, upon experimentation, if these laws are
necessary, they are not enough. They form the inevitable background of an evolution
that is developing in an unapparently deterministic way through the interaction of
natural systems among themselves and with their environment. The sciences of
“morphogenesis” thus would only be valid in the limitations of ordinary or
macroscopic physics. Yet, this is only an approximation, in all likelihood requiring
the elimination of linear determinism.

Today, it does not seem (to the author) foreseeable to master the bio-printing
system only through the knowledge of its constituent elements, hence
understandable demands for a comprehensive approach as practiced by engineers,
taking into consideration the phenomena judged to be preponderant in the model.
According to holistic theses, each cell influences the whole under construction,
which, itself, in a recursive way, gets involved in turn in the elementary entity.
“There is a series of actions and reactions, that is, we have a system of balance
between different forces rather than a phenomenon that may be reduced to a cause
and the effects of this cause” [PAR 65]. But then how to be sure that we are dealing
with the principle variables if complex local interdependencies (cells/environment
and vice-versa) exist? Yet, the objects of bio-printing, as they have been presented,
are composite, systematic, unstable, and under constraints (some of which are
still unknown). Thus, as shown in Figure 5.9, whatever the scales considered,
bio-printing is probably inaccessible to only monodisciplinary approaches
(“contingent structuring produced by a particular historic process of parcellizing
science”, according to Legrand [LEG 02]).
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Figure 5.9. Internal and external interactions between spatial domains (starting
basic elements: nucleotides, amino acids, sugars, fatty acids; biomolecules: DNA,
RNA, proteins, polysaccharides, lipids; supramolecular structures: membranes,
ribosomes; organelles: nucleus, mitochondria). For a color version of the figure, see
www.iste.co.uk/andre/printing3.zip

In light of the incompleteness of data, during the cellular differentiation of
embryonic stem cells or while reprogramming cells into stem cells, Richard er al.
[RIC 16] observed a heterogeneity from one cell to another in the expression of
certain genes, which suggest that this variability plays a role in differentiation. This
result, which recalls the principles introduced by Turing in 1952 and seems to show
nonlinear phenomena, poses an epistemological problem. Furthermore, according to
Lentini et al. [LEN 17], cells constantly exchange messages and “vectors” are
molecules synthesized by their genes, which spread to the outside by crossing cell
membranes. When these cells reach another cell, they penetrate their membrane,
reach the DNA and activate genes. These then produce “response” molecules, which
in turn lead to the activation of genes in the first cell and so on. Fourel er al.
[FOU 16] confirm, through another example, that cells perceive their environment
via physicochemical stimuli that orient the differentiation processes. The
extracellular matrix, made up of proteins, polysaccharides and proteoglycans,
controls the bio-activity of cells. These are capable of perceiving the
physicochemical properties of their environment and adapting to them by varying
their shape, migratory behavior or ability to proliferate. One goal for the cell is to
differentiate, that is, to specialize so as to acquire properties of a particular
biological tissue. Understanding how cells integrate the physicochemical stimuli that
orient differentiation processes is a stake, notably for the repair of damaged tissue
via bio-printing.
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“The set of genes designs the landscape, and the probability of following a given
path is generally very high, the other trajectories or chreodes being rather unlikely,
which does not eliminate their existence. A single genome thus allows several of
these chreodes, which means that there are reserve phenotypes, distinct from the
majority genotype, and new environmental conditions can favor one of these reserve
phenotypes...” [PRO 12].

As a reminder, according to Sheldrake [SHE 03], Blanchoin et al. [BLA 14], and Heard
[HEA 13], crucial words (found in the literature) are defined as follows:

— Entelechy: phenomenon containing within itself its end and its goal.
— Chreode: morphogenetic field (cré: it is necessary, odos: path).
— Epigenesis: theory of development through the progressive elaboration of shapes.

— Motility: reference to the capacity to move spontaneously or through reaction to stimuli
and actively by consuming energy during the process.

5.4. Complexity and bio-printing

The natural vision is to research whether mathematical rigor, algorithmic
procedures, can ensure a conceptual body of doctrine at the interface between
technology, engineering science and biology capable of ensuring new knowledge for
the production of biological tissues and organs, all while knowing that no specialist
can, in principle, exceed a broader culture than that of his/her discipline. In a desire
to do the simplest thing possible, the mobilizing idea is to develop a robust
theoretical/empirical model whose excess of descriptive content is minimal in
relation to what is necessary to notice phenomena.

In the case of bio-printing, several disciplines are involved (see convergence in
the previous chapter) which lead to “modeling” domain mixtures/mutualizations
likely having different equations of behavior, multiple and singular interfaces,
nonlinearities, scale changes (from subcellular components to organs) associated
with potential fractal shapes, etc. [CHA 12, NOT 02]. Complexity invades the field
by several means: that of geometric arrangements, the complexity of dynamics (e.g.
growth or reduction of scaffolding) and that of functionality, all likely with great
incompleteness.
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5.4.1. Complexity?

Under the name “systematic movement”, Abdelmalek [ABE 04] gathers a set of
activities concerning the dynamics of natural and cultural systems. They depend on
a certain number of presuppositions, the most important of which are:

— existence of common general, transdisciplinary laws governing complex and
strongly interactive systems;

—relational (or cybernetic: internal or external interactions) nature of the laws;

— “holistic” character of certain properties, in the sense that they concern the
whole system. Some emerging properties only have existence and meaning at the
level of the system as an indivisible whole; the degree of autonomy depends on the
structure in space and time and on the logical organization of the whole system
involved (see Figure 5.9).

Finally, the existence of general laws and those of invariants would not imply
that the systems be deterministic and predictable. Quite the contrary, the systems
would be very sensitive to the play between local contingence and relational need.
The systematic approach is, thus, a grid that prepares for the paradigm shift. But, in
the end, what is understood by complexity? Ricard [RIC 03] considers a set made up
of two sub-systems, X and Y, for which he introduces functions H(X,Y), H(X) and
H(Y) expressing the number of degrees of freedom.

If HX,Y) = H(X) + H(Y), the properties of the whole can be deduced from the
“single” components X and Y (it behaves as a resultant from the union of the two
sub-systems). If H(H,Y) is less than the sum H(X) + H(Y), the potential wealth of
the whole results from a reduction in terms of the degree of freedom following an
integration phenomenon; if H(X,Y) is greater than this sum, new properties emerge
from the association. These two situations are considered complex (and not
complicated in the sense of Ferrari [FER 02]).

In the case of bio-printing, this complexity appears in situations like:

— coupling (space, “inert” materials, living materials, flow of matter and energy)
is translated by various information playing a role in the desired dynamic; the
“living” part is capable of regulating this information as a function of the symbols
emanating from outside its environment (and maybe also within it); the
complexification increases if the scaffolding is resorbable;

— the principle of superposition is not valid due to interdependences;

—is an experiment with a given population of N cells identical to two
experiments performed with N/2 cells?
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—the system’s dynamic behavior can be described by its local dynamic
properties, which play on the other sub-sets (e.g. cell growth) and by its collective
properties characteristic of the global system;

— the system has an organization that is neither fuzzy nor totally organized and
this at different spatial scales;

—the system is open, exchanging matter and energy (and information) with its
environment; it is thus not balanced;

— the system has its history and its state depends on this (chaos);

— as a consequence, such a system presents nonlinear effects.

This problem becomes slightly more complicated, according to Ricard [RIC 03],
because in these systems, where there can be successions of bifurcations, threshold
events, etc., the number of interdependence parameters to be considered increases
exponentially (combinatory explosion). To try to go beyond this pessimistic
statement, Nicolescu [NIC 02] reintroduces the concepts of level of reality,
previously developed by Heisenberg in 1942, of which there are three:

— state of the objectivable elements, independent of the knowledge processes (a
priori);
— state of the elements inseparable from the knowledge process;

—state of the elements created in connection with the knowledge process
(applications, effects, ethics, etc.).

However, this work poses the hypothesis that the variables influencing the global
system are under control; in any case, this is an exercise that must be performed,
even if it means inserting it into reflection with retroaction. However, even if the
system has a nonlinear dynamic behavior, can conditions be found so that the
trajectories of tissue printing does not diverge, or be strictly out of control? Various
situations should be foreseen:

—there is an “attraction area” such that all the trajectories remain within a
domain that is “acceptable” for the final use;

— there are initial conditions leading to diversified trajectories but ones that end
in the aforementioned acceptable domain;

—it is possible to introduce a corrective command structure affecting the
dynamics of the system, as agents of growth (see remark below);

— the system admits a stable trajectory (apparent causal model).
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NOTE 1.— Figure 5.10 presents a system with a counter-reaction. However, as the
experimental measures are imbued with random errors, even biases, this imprecision
adds a degree of uncertainty to the model. It is possible to envisage the contribution
of a model of uncertainty A; then, the model and its structure being defined, the goal
of the command will be to ensure the system’s stability to achieve the goal of the
bio-printing operation. Would we know, in these conditions, how to reduce the
sensitivity of the command structure in the presence of unknowns, parametric
variations and possible disturbances affecting the system in its spatial-temporal and
functional evolutions [CIN 02, CIN 05]?

A Corrective
system of
uncertainty

Input - System _ Output

Retroactive
corrector

Figure 5.10. Control model used in automation. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

For Olle-Villa et al. [OLL 16], the biological system they propose approaches
this description of control presented in Figure 5.8 with data collections and specific
actuators: measurers (measurement of the gaps between instructions and reality) like
metabolic paths, ionic channels, glycolysis; actuators like hormones; the physical
system being played by the blood; sensors like enzymatic kinases; etc. So long as
there is control of knowledge of the biological system, it is thus possible to find
analogies between systems resulting from automation with its enslavements and
biology (if it is not only that it is more complicated that making two electric trains
cross paths; see also Ramasubramanian and Taber [RAM 08]).
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NOTE 2.— a nonlinear system introduces functions (i being between 1 and N, N
representing the maximum number of functions) that are not linear and stability
conditions can be attained for values of the parameters x; (j being between 1 and M,
M being the maximum number of system influence parameters). To study the
stability of the said system around these positions of stability, it would be best to
“lightly” modify the x; around the stability values; then if the goal is not disturbed,
the system can be considered stable (which is not the case of the ball in Figure 5.7,
which can go left as well as right). This principle makes the hypothesis that all x; are
known and that it is possible to follow the evolution of bio-printing in its spatial—
temporal and spatial-functional dynamics. It also implies that it is possible to
incrementally modify parameters; if it is easy to foresee for physical-chemical and
even hydrodynamic aspects, nothing says it is foreseeable for the biological aspect.

For Kirschner and Anseth [KIR 13], at least two domains must be distinguished,
that of partly controllable “physical-chemical” space (chemical composition,
physical and mechanical conditions, external constraints (temperature, exposure to
various electromagnetic fields, etc.)) and that of the living. This association between
blocks (inert vs. living) “obviously” brings interdependences between these two
domains into play. They believe that the physical-chemical factors play on the
enzyme secretion, pH, protein interactions with the environment, etc. The equivalent
of the chemical potential can thus be expressed as a potential energy specific to each
of the species present in the environment and which translates the rather irreversible
global effect on the chemical and/or biological space of the molecular and
microscopic interactions with its environment (other macromolecules of the species,
biomolecules of other species present in the system of cellular aggregates).

In agreement with Mathieu and Schmid [MAT 14], the necessary in-depth study
can take very diverse shapes based on some nuclei of knowledge resulting from PE
works (experimental approach) or on model objects, concept supports (but that, in
every form, will only find meaning through an interdisciplinary approach, if only to
bring out the principal influence factors/parameters). This implies an
epistemological decision which forces reflection for the best choice between
different “discourses on method”:

—How to perform robust modeling without a comprehensive approach, since
each isolated discipline does not have the power to shed light on the goal? But
which common language to use to advance without being superficial or reductive?
The question is also asked of defining a reasonable set of variables of influence that
must concern a model system, representing a simplifying complexity system, to be
able to explore it by making the hypothesis (a bet) that the competence acquired on
this reduced system can serve as a foundation for extrapolation for more complex
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systems, closer to reality. This is partly what, from an experimental standpoint, is
attempted by working, for example, on printing cartilage, which is a “simple” tissue
organization with modest vascularization (see Chapter 3).

—How to assemble knowledge stemming from disjointed disciplines? Do we
start with one discipline to find an optimum, then will we consider a variation of the
parameters on a second axis to access a “more optimal” optimum, etc.? This implies
the existence of a single optimum and, in this case, whatever the path, long or short,
it is possible to achieve it, as has been shown for several decades by methods of
signal processing. But this forms abstraction of local optimums, of good precision,
and of the existence of numerous nonlinearities and recursivities, possibly induced
by the living. This vision has, for some, the advantage of playing with
interdisciplinarity through juxtaposition, without needing to seek major knowledge
integration. Figure 5.11 proposes an illustrative example of this statement in a two-
dimensional space. The idea is thus to successively vary the variable to attain the
local minimum, then change it, etc., hence this zig-zagging path presented on the
right side of the figure. In a noiseless system, with all variables identified, if there is
only one optimum, it is imagined that it is not impossible for this to be attained.
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Figure 5.11. Search for an optimum (only assumed) through successive changes
in independent variables: alternating path with unidirectional search for the local
optimum. For a color version of the figure, see www.iste.co.uk/andre/printing3.zip

— Finally, an attempt can be made to “play” on the “serendipitous” chance
through a method of shots aiming at the influence variables and crossing them
randomly to get the results and then control the robustness; after the largest number
of assays possible, a cartography can be performed on the system following what
was proposed in Figure 5.9 (so long as there is a measurable definition of the target
function). Experiment plans can be exploited to try to reduce the number of shots
(by posing the hypothesis that there is a small idea of the approximate position of
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the sought-after optimum and so long as it exists, hence the interest in an activity
performed in close collaboration with bio-printing biologists).

— The concept of “phronesis” was created by Aristotle. He refers to a mode of
knowledge and action required when the mechanical application of scientific
knowledge, routines or even standardized protocols could be disproved by the
complexity and singularity of the situation or the problem to be resolved (this is just
a bit more in-depth than the empiricism enlightened by common sense). This
complexity and this singularity have as consequences the irreducible uncertainty of
the results of human scientific action and consequently the particular difficulties
encountered in formalizing these actions. It thus cannot hope for universality.
Recognizing that a situation stems from practical wisdom leads to accepting a
degree of the subjectivity. However, this does not allow just anything to be done.
Demonstrating “phronesis”, on the contrary, has several implications:

- analyzing a case in its complexity before making decisions for action, trying
to keep a global vision of the topic;

- allowing collective deliberations on this case;

- remaining attentive to signals that could be indicators of problems or hidden
difficulties;

- seeking a justifiable balance between demands that the complexity of these
cases can bring into conflict (“efficiency” of a bio-printing experiment).

For all that, if there can be an agreement on the understanding of an approximate
evolution, will we have achieved the goal of the project that is to create “custom-
made” operational biological tissue (which is still far from the resolution of the
inverse problem)?

— The experimental verification of the hypotheses posed to construct the model
must be founded in a cycle of comings and goings for experiment-calculation-based
verification, validation that questions the validity of experiments, their specific
precisions, the validity of the calculations with their programming errors, the
existence of bifurcations, and discrete approximations of generally continuous
mathematical expressions. The restitution of a set of singular experiments is
necessary to access the average, which aims to define the model. Thus, the
indetermination and application of a large number of laws can contribute to
excluding from the field of models the singular events or those involving non-
locality and dependence vis-a-vis verification processes. The epistemology of the
approach by model can thus show itself as singularly limiting to the explanatory
ambitions of bio-printing science(s); but it allows scientific knowledge to be
considered in a more balanced and rigorous framework [PER 03].
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— Several types of complexity have been revealed through the practice of
modeling: the complexity of the arrangements in space and the complexity of the
dynamics of growth, transport of matter and energy, etc. The number of cellular and
inert edifices possible from simple elements, their random or deterministic
arrangement with structural scales obviously introduce diversity that is difficult to
control. Could modeling use fibrous, laminated aggregates alternately with
structures of resorbable nonliving matter? The result would be the obligation to
model mixtures of spatial domains having different equations of behavior, multiple
and singular interfaces, etc. The mathematical tool of choice to rise from small
scales to larger ones could be the homogenization and identification of “fractal”
shapes, that is, repeatability or differentiation of multi-scale shapes [PER 03,
PAV 06, HEA 13].

5.4.2. Initial reflection for action

These reasons mentioned above can prevent (possibly definitively) predicting
“the safe trajectory of organ construction” in the course of its development as
precisely as a classical object created through additive manufacturing (which also
poses some small difficulties). However, it could be advantageous to try to construct
virtual objects [COL 13] to open new perspectives of understanding and
management of the living. It would become possible, for example, to:

— study the interaction between biophysical/biochemical shapes and processes
(analysis of the flows internal to the elementary voxel, even a few voxels, for
example, or exchanges with the environment) on the basis of a detailed realistic
representation;

— analyze and better understand the coupling of different biological phenomena
involved in the operation or growth (water flow, nutrient flow, flow of waste,
exchange of information via hormonal flows between different parts of the
elementary bio-construct, even, why not, by combining scales, the human over the
course of cell growth);

—compare the structure of several typical tissues/organs on structural and
quantitative bases;

— better consider the non-deterministic side of growth mechanisms by identifying
the different sources of noise or, lacking knowledge of data, with the help of
appropriate stochastic models;

— exploit adequate data in terms of spatial and temporal resolution to model the
dynamics of the networks of molecular and genetic interactions in the context of
displacements and cellular divisions in the body (for now, rather absent);
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— exploit, for precise cases, the “suggestive” strength of models that, on a basis
of finer and finer formalization, allow experimental verifications (detection of
absurdities and feasibilities);

— find support “[no longer in a scientific theory, but] in a wealth of knowledge
that the model, and even more, the software, are capable of integrating as a function
of knowledge and intervention goals” [ARM 05];

—translate the modeling approach by a multiplicity of models and modeling
methods with the necessary confrontation with different standpoints to find
arrangements to seek successive coherences.

The techniques for developing virtual cell growth models are still young (even if
there are many methods, as indicated by Figure 5.12, inspired by [PAV 12]). To fix
ideas, would we know how to: measure and reconstruct simple tissues/organs in 3D
in a detailed way with computer aid, through a method of “3D tracking”; construct
precise biophysical models (interception and mechanics models); construct first
models quantitatively simulating growth, nutrient circulation, and waste in the
growing organ, on the basis of imperfectly known rules of operation; realistically
simulate the qualitative or quantitative development of an organ and visualize it
through infography? There is the stake! Mathematical tooling can, for example, be
based on networks: of “nodes”, representing the different physical and living
elements in a state of interaction, with links whose magnitude corresponds to the
influence of one node on another. “These models, which are approximations of
fragments of the living, allow biological mechanisms to be simulated to formulate
predictions, which leads to experimentation, to confront them with the reality of the
living” [PAV 12].

Simulation models
(mathematical and logical
expressions, shooting
method, tabulated
functions)

Mathematical models
(equations and logical
models)

Other models
(geometric, description
languages, data structures,
focused objects, and multi-agent
models)

Figure 5.12. Formal operational models (only representing part of a complex
system). For a color version of the figure, see www.iste.co.uk/andre/printing3.zip
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Independent of this general context, it is essential to raise the state of knowledge
on the subject of bio-printing (scales by scales, as proposed by Martins, Ferreira, and
Vilela [MAR 10] and Figure 5.13; see also [GRE 17, OKU 16] and, to a lesser
degree, [LEJ 17]) and sciences that compete with its development, through the most
exhaustive review possible of the scientific literature (the knowledge represented by
Gaussian approximates in Figure 5.4). Figure 5.15 from Green and Batterman
[GRE 17] illustrates the interactions to consider for modeling with scale changes in
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and subcellular
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differentiations

Figure 5.13. Spatial scale models. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip
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Figure 5.14. Interrelations between spatial scales. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip
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On the basis of robust knowledge, it is then possible to construct networks
representing the multiple factors affecting differentiation and cell growth, the
potential disappearance of the supports on which the printed cells develop, etc., as
well as their (nonlinear?) interactions. By studying these networks, particularly by
simulating their behavior, it could be foreseen to determine, for example, which
nodes play a preponderant role in the upset between two stable states. It may then be
possible to make predictions on certain aspects of the mechanisms that
experimentation has not yet shed light on. “A central element to construct a causal
biological network — in which the relations between nodes are of a causal nature — is
recourse to conditional dependencies resulting from the theory of probabilities, to
infer causal relationships, in the context of a systematic source of disturbances”
(Schadt quoted by Vanderginste [VAN 12]). Will networks constructed in this way
be content with drawing interrelations between the factors involved in the processes
implied in bio-printing, by robustly reproducing the causal logic of the biological
reality studied, or will they not work as a “simple” correlative approximation? This
is what will allow us to know if it is possible to bring about exploitable predictions
or to remain in a state of undecidability in bio-printing.

For Gascuel [GAS 10], the robustness of biological networks raises awareness of
the limitations of the space of biological systems on which we can act for ends
concerning intervention, control, or regulation. “Only a global understanding
of the interaction networks would allow new trails to be blazed for [possible]
developments in human therapy. To these ends, elucidation of the links between
genotype and phenotype through network analysis constitutes a significant stake of
the current systems’ biology”. For the engineer engaged in this undertaking, it is
indeed a matter of investing in complexity by trying not to drown in it; that is to say
that it will be necessary to research singular elements that may represent
the dynamic system, trying to find local systems considered to be autonomous
[HEU 98], to optimize these numbers, to use methods of compression [DEM 14],
and trying to find sets like “numbers without dimension” to (potentially) allow the
multi-scale approach presented in Figure 5.15. Furthermore, as indicated by Dallon
[DAL 10], it should be possible to work on certain specific spatial and partially
autonomous domains by then combining them to achieve greater scales. This
reductionist effort is indispensable if we want to escape the incantations and maybe
one day manage to resolve the inverse problem.



344  From Additive Manufacturing to 3D/4D Printing 3

Autonomous u.mts

Higher level
C% &)

U

Figure 5.15. Autonomous dynamic systems. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

According to Rashevsky [RAS 54], it is possible to assume that there are
uniform topological transformations: the relational graph of the functions of all
living beings can then be deduced from the same primordial graph using the same
topological transformation if the living is sufficiently uniform: consequently, only
the parameters of this uniform transformation change. According to Rashevsky, the
passage to bio-topology would thus provide the language that allows a sufficiently
abstract point of view to be expressed, from which the unity of the living can be
conceived exactly [VAR 13].

One of Rosen’s results [ROS 58] is that the system cannot always be maintained
in its initial topology: it will move, sooner or later, to a topologically less complex
sub-system (sub-graphs) or will even be totally destroyed. Rosen also shows the
existence of a central component for every system of this type, that is, a component
whose destruction directly leads to the failure of the whole system [VAR 13]. Rosen
will follow the positions of René Thom on connected matters (refusing the
hegemony of discrete models). On this basis, he maintains in 2000, with good
reasons but without certainty, that any mechanism (in the mathematical sense) can
be perfectly emulated by a universal Turing machine (a classical computer with an
infinite memory); it could possibly be concluded, by sophism, that any phenomenon
with a physical manifestation is or will be simulable by a computer!

These theses, these promises, involve assuming that, under the pretext of a
physical being, a phenomenon can be reduced to a mechanism in the mathematical
sense. Could any computational formalization be overly reduced to characterize the
living in bio-printing processes and allow veritable alternative solutions of
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formalizations to be fed, ones likely to face the on-site data validated and resulting
from the PE? How could they trust the views of the HE?

5.5. Return to complexity

These first paragraphs bring about the creation of living tissues via bio-printing
through an obligation to control complex systems. The fundamental question asked
is knowing if it is possible to achieve effective mastery of all the physical, chemical,
biological, and temporal processes in question (before possibly one day evoking the
solution of the inverse problem) for a given end. When we speak of complexity, we
invariably stumble upon conceptual difficulties, which generally leads to the
lateralization of paradigmatic questions to limit ourselves in experimental
demonstrations, the accumulation of whose results are thought to allow a validated
trace of a tissue’s history from its creation through bio-printing to its function. Then,
for some, “biology is, at best, a province of physical science, a dependence that can
only advance by applying methods of physical science” [ROS 85].

The properties of living systems could potentially be inscribed in the structure of
molecules and in the structure of the genes that code proteins. There is then no need
for biological complexity or the emergence of new properties that could reveal
themselves at the macroscopic level, as these properties would already be implicitly
present in the molecules. This old idea is not satisfactory because it is based on the
existence of successive thermodynamic balances during stereospecific recognitions
of macromolecules. Yet, organisms are systems situated out of thermodynamic
balance and the gaps in a system in relation to its state of balance are likely to
produce unexpected behaviors. Thus, for around twenty years now, researchers have
progressively come to the idea that the complex has its own reality and that it cannot
be reduced to the simple [MOR 13].

The approach through complexity is a breakthrough that recognizes the
exceptional and problematic character of the living, the part of the indetermination
of its limits, the chaotic character of phase or regime changes, the plurality of
balances or levels of reality, the heterogeneity of elements, their interdependencies
and interactions, the indirect or delayed effects, the mass effects, or the emergence
phenomena of collective properties. It may be useful here, in order to illustrate
complexity and its study, to invoke the necessary acceptance of uncertainty in
understanding the so-called “complex” problems, thus giving greater value to the
qualitative than the quantitative (what is important is the global, qualitative function
and not its “metric” framing in very, even overly, precise instructions, because
precision would be inaccessible in the sense of past hyperdeterministic science, also
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hyper-reduced to complicated but non-complex problems). However, if one day we
wanted to transplant a bio-printed organ, will the qualitative be enough?

The epistemological problem (how robust knowledge of reality is acquired) has
been a much greater concern for philosophers since Plato than for most scientists
[WAT 88]. He writes, “we find ourselves faced with a lock that must be opened to
reach the loot that he [the savant] hopes to take”. This question poses the issue of the
existence of several keys, even a master key, or to the contrary, the absence of
possibilities to open an anti-Pandora’s box. If scientists are not able to rationally
explain facts, knowledge becomes open for discussion, useless and devalued to the
rank of ideology, “dancing in the rain” (which can be standardized, with precision,
without knowing whether it will have an effect on it).

Spinoza, like Nietzsche, aims at joy, the pleasure to find, the power to act as ends
to gain in perfection and thus to go beyond oneself. Spinoza believes in the
possibility of going from the imagination to intuitive and/or rational knowledge of
humanity (even of the researcher!). On the other hand, certainly reductively,
Nietzsche believes that there are deficiencies in the abilities to access knowledge.
For Spinoza, the miracle does not exist, “things” are necessary and created by a
cause. Nietzsche announces a battle for new men, for knowledge and the love of
ideas. These new men will be those “who seek in everything what must be
overcome” [NIE 07]. For this philosopher, these men have abandoned all fear and
live dangerously. The “Ubermensch” [superman] is, from this fact, a warrior of
knowledge, of joyful science, that which doubts to the point of destroying old
illusions and trying to build new values. It is indeed a matter of not being trapped in
old walls (paradigms and conservatisms, which must then, so as not to consider
them, be well known), to be capable of freeing oneself from them (with the
constraints that are known) to participate in the construction of others, even more
modestly, to construct new levels. In this partial dichotomy is indeed a question
already mentioned above, that of a(n) (im)possible description of the approaches
linked to bio-printing.

In the process, it is a matter of showing that some hypotheses are wrong (see
[MCC 65]) and avoiding the development of a model (which would make the
system’s blackbox whiter), as indicated in Figures 5.15 and 5.16 (from [MON 08]),
which would only concern the ordering and organization of data and the published
results into frameworks of comfortable convenience and adaptability. However, as
pointed out by Maturana [MAT 70], “The a priori affirmation according to which
objective knowledge constitutes a description of what is known [...] calls on the
questions ‘What is knowledge?’ and ‘How do we know it?”” In this regard, Kant
[KAN 85] wrote, “Nature [...] is the sum of all subjects of experience”. How, with
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an activity of appropriating the real far from evidence, to deal with this inevitable
and ultimately unsolvable dilemma of organized complexity? It then becomes
reasonable to think that, at best, we will not only approach the “real” reality by
proposing one or more possible models of knowledge elaborated through the
experience of scientists from different horizons. “As daring, strong, and beautiful as
it may be, and as closed as it may seem, a system has no less of a fatal imperfection:
it cannot itself prove its own logic and coherence” [WAT 88].

“Black box” system

‘ Output superior level

Input Level 1

Figure 5.16. The question of modeling. For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

Classical physics, in its Laplacian ideal, had a goal [LAP 86], that of
determinism; when scientists replaced the deterministic laws with statistical laws,
the general standpoint was not disturbed; von Bertalanfy [VON 12] even believes
that it was reinforced. Riedl [RIE 88] reminds us that, by continuity, epistemology
has long considered the evolution of systems, including those of the living, to result
from a process of knowledge accumulation within a paradigm, ultimately disturbed
by manifest impossibilities. “Chemical and biological shapes are repeated not
because they are determined by immutable laws or eternal shapes, but due to the
causal influence of previous, similar shapes” [SHE 03]. In short, a shape, in an
“inertial determinism”, would be reproduced because matter has taken on a habit of
this.

Complex systems can be broken down into different levels of interaction that
allow simple elements to be combined into more evolved components that
themselves give rise to organized and hierarchized structures that interact strongly
among themselves and with their environment (see Figure 5.15). The structures that
emerge then cannot be made up only using entities put into play. The interactions
are often nonlinear and generally contain retroactive loops. The more organized the
structures are, the more time they need to appear (see Bennett’s concept of depth
[BEN 88]). At the global level, these systems are characterized by the emergence of
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non-observable phenomena at the scale of the system’s constituent elements: an
outside observer will grasp and understand the system differently than an observer
within the system. It is thus characterized by the emergence at the global level of
new properties and a dynamic of global functioning that is difficult to predict
through the observation and analysis of the elementary interactions. Table 5.1
gathers systematic and analytical comparison elements between the two approaches

[LAP 16], which illustrate the lacks to be made up for in modeling bio-printing.

Analytical approach

Systematic approach

Isolates: focuses on the elements

Connects: focuses on the interactions
between the elements at all levels
(information, matter, energy)

Considers the nature of the interactions

Considers the interactions between
elements

Based on the precision of details

Based on the measurement of the global
perception

Possibility of modifying one variable at a
time

Modification of groups of variables
interacting simultaneously

Independent of duration: phenomena in
question are reversible

Integrates the duration and irreversibility of
processes

Facts are validated through experimental
proof in the framework of a theory
(paradigm)

Facts are validated through comparison of the
model’s operation with reality (without being
sure that the model represents the “real”
reality)

Precise, detailed models, but difficult to use
in action

Insufficiently rigorous models to serve as a
knowledge base, but usable in decision and
action

Efficient approach when interactions are
linear and reliable

Efficient approach when interactions are
linear, nonlinear, strong, and weak

Leads to teaching by discipline (juxta-
disciplinary)

Leads to an obligation for interdisciplinary
exchanges

Leads to action planned in detail

Leads to action according to goals

Knowledge of details, ill-defined goals

Knowledge of goals, fuzzy or unknown
details

Table 5.1. Differences between analytical and systematic approaches
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The stability of the levels of organization is, according to Zin [ZIN 03],
objective. “It is, however, always relevant, including a certain precariousness, an
indispensable instability to the measurement of its complexity. No complexity
without energy dynamics, thermodynamic flow, cycles, or even simple ‘noise’
having a role of disturbance that sets into motion, lends energy, and frees, proves
and weakens the established links, introducing at least fluctuations, vibrations,
constant variations at the origin of its evolution and its adaptive capacities. It would
be a mistake, though, to reduce everything to noise or energy, which represent a
local effect, short term and with no memory, forgetting the inscription of
information in the organization and weight of longer-term catastrophes. There are
several duration scales that must be considered, cycles and disturbances of different
magnitudes or periodicities, as well as a more or less large delay in ‘response times’
that can sometimes be very long. Without the intervention of an active end capable
of remembering and adapting, a dynamic system is not durable and quickly breaks
down under the effect of entropy. An organism is not reduced to a dissipative
structure whereas, on the other hand, it opposes the dissipation of energy, even if the
production of its internal organization inevitably has a reported energy and entropic
cost on its environment (globally, the physical law of growing entropy is thus still
respected)”. Figure 5.17 from Heudin [HEU 98] illustrates the issue of organized
complexity where, using an initial 3D creation, the system will undergo
simultaneous processes of variation and stabilization allowing a goal to be achieved.

| Retroaction
h Entropy ‘
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Milieu Structures Properties

Emergence

‘ Stabilization

Figure 5.17. Principle of variation — stabilization. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

It is not so much the multiplicity of the components, nor even the diversity of
their interrelations, that characterize the complexity of a system: so long as they are
practically and exhaustively countable, we are in the presence of a complicated
system, even a very complicated one, a combinatory count of which could allow, in
principle, the description of all possible behaviors (and thus the prediction of its



350 From Additive Manufacturing to 3D/4D Printing 3

effective behavior at all times once the rule or program that governs them is known):
in mathematical terms, we are in the presence of a “polynomial problem”. It is the
potential unforeseeability (a priori incalculable) of the behaviors of this system,
particularly linked to the recursivity that affects the operation of its components (“by
functioning, they transform”, inducing emergence phenomena, which certainly are
sometimes intelligible (as is sometimes shown, see Chapter 3), but not always
foreseeable). The observed behaviors of living systems provide countless examples
of this complexity and bio-printing is part of this.

5.5.1. Complexity and system approach

In the case of bio-printing, several disciplines are involved, which leads to
“modeling” “intimized mixes” of domains, probably with equations of different
behaviors, multiple and singular interfaces, nonlinearities and scale changes (from
sub-cellular components to organs) associated with potential fractal forms. Complexity
invades these domains by several paths: that of geometric arrangements, of the
complexity of the dynamic (growth, reduction of scaffolding for example), and those of
functionality, competition between cellular systems, reproduction, etc. [AND 16,
GLE 08]. One associated issue concerns, for a determined action, the effect of a stimulus
on it (e.g. growth agents), with a possible comparison between the magnitude of the
input stimulus and its effect ((CUN 14] and Figure 5.13) with at least apparently
contingent, spontaneous and intentional aspects (how does reading the genome allow us
to predict the future of the biological system [PIC 15]7?).

A biological system will be called complex if it presents emergence phenomena,
that is, it has a potential richness greater than that of the sum of the sub-systems that
make it up. This situation can be described by the following inequality:

H(x, y) > H(x) + H(y)

with x and y being variables of two sub-systems and H a mathematical function that
expresses the potential richness of a system (in speaking of richness, we bring out
the appreciative concept that would need to be defined more precisely, which is
what will be attempted, without going too far however, in the following section). In
statistical physics, this function is called the system’s entropy [BEN 06]. Complex
systems generally present a certain number of characteristics that make them more
difficult to understand and manage than simple and complicated systems [GAL 01]:

— Multiplicity of legitimate viewpoints: for example, it is difficult to understand
an adaptive system without also considering its context and taking into consideration
“viewpoints” and interests of the different elements concerned, particularly seen
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from different disciplines (none holding the “truth”); but the search for data
collection systems is, in this context, indispensable, the living environments of
groups of cells are relatively mute.

— Nonlinearity: complex systems are not linear, in the sense that numerous
relations between their elements are not, such that the magnitude of the effects is not
proportional to that of the causes and that the repertoire of behaviors is very rich
(chaotic behavior, multi-stability due to the existence of several states of equilibrium
and regulation processes (see Figure 5.10), drifting processes, etc.). Nonlinearity
plays a decisive role in the birth of counterintuitive behaviors typical of numerous
complex systems.

— Emergence: this systematic property, expressed by the words “the whole is not
reduced to the sum of the parts”, means that the properties can only be understood in
parts in the broader context of the whole and that the analysis (without residue) of
this is not reducible to that of its parts. A truly new element can arise from the
(nonlinear?) interaction of the system’s elements.

— Self-organization: phenomenon described in Figure 5.18, through which
interacting elements cooperate to produce a behavior and structures coordinated on a
large scale (like the configurations created by dissipative structures). The
appearance of a higher level structure is produced without the need for an organizing
principle by proving a certain autonomy and robustness [DIM 06, OTT 04, FRO 04,
BAR 03]; let us recall that, for Asby (quoted by [JAC 70]), self-organization is
normally impossible: “a system cannot organize itself because this would mean
changing its law of organization following another law that should itself be its
organization...”; this is another debate.

— Multiplicity of types of complexity: combinatory between cells among
themselves, on the one hand, and cells and scaffolding, on the other; morphological;
functional.

Before ag1tatlon After agitation

| Increasing order

Figure 5.18. Principle of a self-organizing system. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip
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— Multiplicity of scales: many complex systems are hierarchical, in the sense that
each element in the system is a sub-system of a lower order system, and the system
itself is a sub-system of a higher order “supra-system”. What is important is that in
many complex systems, there is a powerful coupling between the different levels,
such that the system must be analyzed or managed on different scales at the same
time. However, systems at different levels of scale have different sorts of
interactions and just as different characteristic rhythms of evolution. It is thus
impossible to have a unique, fair and exhaustive point of view about one system,
even at a single system level. Plurality and uncertainty are inherent to the behavior
of complex systems.

— Irreducible uncertainty: there are, within complex systems, numerous sources
of uncertainty. Some are reducible by averaging a complement of data and research,
notably when the uncertainty is due to random processes (leading to a statistic or
probabilistic analysis so long as this is adapted to reproducible experiments with
controlled parameters) or to ignorance (absence of data or set of inadequate data,
incomplete definition of the system and its limitations, incomplete or weak
understanding of the system).

Although some of these characteristics (notably nonlinearity or uncertainty) can
be found in some complicated or even simple systems, the fact is that a complex
system can possess them all [PAV 12].

5.5.1.1. Determinism and chaos

Determinism reflects the following definition: “two experiments with exactly the
same initial conditions and the same conditions at the limits must yield exactly the
same results” and the mathematical model of a phenomenon will be considered
deterministic if the conditions of existence and uniqueness of the solutions are
satisfactory, which is generally the case for models using systems of differential
equations [GLE 08, DAL 92, CON 11].

Chaos implies that disorder and determinism are tied to an order that obeys laws.
This dialectic contradiction is desired, because it is a matter of describing
phenomena in which there is a hidden order behind an apparent disorder, with
disorder on one level and order on another (see Figure 5.15). Reductionism and the
description of trajectories are no longer valuable in a phenomenon where the whole
structure does not stem from the sum of the elements’ evolutions. The overlapping
of order and disorder is not the only characteristic of deterministic chaos. A crucial
point is “sensitivity to the initial conditions” as can easily be imagined for a
trajectory like that corresponding to the displacement structure in Figure 5.19
[SAA 96]. Another apparent contradiction exists: all while obeying laws, these
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phenomena are not predictable, because they are susceptible to brutal large-scale
bifurcations [SPE 08]. These authors write that “in this framework, emphasis is not
placed on the search for precise solutions to equations of the dynamic system
(which, in any case, is often hopeless), but rather on the response to questions like
‘Will the system converge towards a stationary state in the long term, and in this
case, what are the possible stationary states?” or ‘Does the system’s long-term
behavior depend on the initial conditions?” An important goal is the description of
fixed points, or stationary states, of the system; these are values of the variable for
which it no longer evolves over time. Some of these fixed points are attractive,
which means that if the system comes near them, it will converge towards the fixed
point”.
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Figure 5.19. Visualization of deterministic chaos: the chaotic
trajectory of a fluid in a deterministic flux [SAA 96]. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

Chaotic systems have complex behavior. They are attracted by a geometric
figure of complex structure on which they seem to err towards chance, but without
ever leaving it nor passing the same point twice. The attractors that characterize
these systems seem to include both deterministic and random laws, which makes all
long-term prevision impossible.

The state of a dynamic system can be described by the variables xi(t) with i e
[1,n]. By performing a study in the space of phases, it is easy to distinguish chaotic
behavior: if the system is periodic, the points meet on a closed curve (attractor); if
the evolution is random, the system’s points randomly fill the space of the phases;
no structure is impossible. As for bio-printing, the variables x;(t) should be known
before being able to study the chaotic nature of the system. It does not seem, as
shown in the previous two chapters, that this situation has been achieved.
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5.5.1.2. Reminders and definitions in systemics

The object of the systematic approach is to elaborate a system of representation
that allows complex situations to be grasped appropriately. Among the foreseen
methods of exploration, a first stage aims to focus on defining the limitations of the
system to be studied, to situate the system in its environment, to understand the
nature and reason for exchanges the system makes with its environment, to have an
idea of its inner architecture, principal components, and the nature of the
relationships between its components, to know enough about the history of the
system to better grasp its evolution (by writing “enough”, the question is then asked
of knowing the irreducible variables to be considered. But for this, it is necessary to
accept the long duration of experiments with difficulties of “great publications” and
the risk of not being referenced in the pioneering group).

In its principle, systemics classically uses the systemic triangulation method for
this phase, which consists in asking questions from three poles allowing in-depth
study of the system’s representation. These poles concern the following aspects:

— functional (what is the system’s role in its environment?);

— structural (its components and their arrangement);

— historic (evolutionary nature of the system).

This exploration must allow the different flows that run through the system,
information flows as well as those of matter, to be identified (and so far as this is
possible, measured). All the information assembled can then be translated by
network graphics, charts, and diagrams allowing possible modeling to be foreseen.

According to Yatchinovsky [YAT 12], the principles of the systemic approach
(nearly those mentioned in Table 5.1) are the following:

— interdependencies: each sub-system must be considered in the context in which
it interacts;

— totality: the grouping logic takes precedence over that of each element;

— retroaction or circular causality: effect of A on B that has an effect on A (see
[TUR 52]);

— homeostasis: tendency of a destabilized system to return to its initial state;
— equi-finality: multiplicity of possible paths.

For Donnadieu et al. [DON 03], the characteristics of complex systems are:
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—the “broad” definition by Jacques Lesourne [LES 82]: a system is a set of
elements in a state of dynamic interaction;

— the “narrow” definition provided by Jo€l de Rosnay [DER 75]: a system is a set
of elements in a state of dynamic interaction, organized as a function of a goal. This
definition emphasizes the finality or goal sought by the system.

Numerous typologies have also been proposed:

— open/closed systems to their environment;

— natural/artificial/social systems;

— hierarchically organized/network systems.
An interesting typology, due to M. Bunge [BUN 79], is based on the supposed order
of appearance of the different systems over time. From living systems, there is the
emergence of creative self-organization. Such systems are labeled HCS, “Hyper-

Complex Systems”. These are open, relational, finalized systems requiring a variety
of self-organizers.

The systems approach is the object of Figure 5.20, extracted from Donnadieu
et al. [DON 03].
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Figure 5.20. Stages of the systematic process. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

“Systemics, systems, system dynamics, systemic analysis, systematics,
cybernetics, synergetic, complex, complicated, dynamic system, etc., so many terms
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that belong to the same semantic field, that refer more or less directly to systemics in
general, but covering very different realities. A certain confusion reigns around
these notions: quite often, one word is used for another, the same word, inversely, is
used to refer to very different notions, systemics is confused with the methods and
tools that are developed with it, and the systematic imprecision surrounding the use
of the vocabulary in this domain contributes to perpetuating the ambient confusion
around the notion of systemics” [CER 07].

To the author’s knowledge, the first to get to a synthesis task is biologist Ludwig
Von Bertalanffy who, in 1968, published a synthesis work entitled “General System
Theory” (republished in 2012). He defines a certain number of concepts such as
those of open systems, homeostasis, equi-finality, etc. He advocates a global
understanding of the system, insisting on the importance of understanding the
relationships between the different elements and not an analytical grasp of the
system’s elements (see Table 5.1).

The definitions of the concepts of arborescence and levels of organization
[LEM 99, LEM 04] are part of a stage of constructing a system typology. From the
first level, corresponding to the static and simple objects of physics and chemistry,
to the ninth level, Le Moigne is involved in describing systems with growing
complexity. Understanding the system represented by the last level implies that of
all the lower levels. The articulation of a complex nine-level system (see also [DUR
13]) is thus defined as follows:

1) the phenomenon is identifiable;

2) it is active;

3) it has regularities with internal regulations;

4) the system internally produces information that acts on it;

5) it has a sub-system with autonomous decision;

6) it includes memorization, a trace of the past (delay, threshold, etc.);
7) it coordinates decisions;

8) it can be “imaginative” by elaborating new forms of action;

9) the system is “able to decide on its decision”.

Le Moigne [LEM 99] presents systemic modeling that fills the gaps of analytical
modeling like the closedness of the model, thus reasoning on a single criterion. It
starts with the hypothesis that to tackle a complex system, it is necessary to change
registers, to go from the register of rescinding disciplinary knowledge to that of
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methods of enriching active knowledge. Intellectual inertia has the consequence of
quasi-systematically using analytical models in complex organizations but probably
finds its limits with bio-printing [NON 00].

5.5.1.2.1. Self-organization [ATL 11]

“Self-organization [FOX 09] is a mechanism or set of mechanisms through
which structures are produced at the global level of a system from interactions
between its constituents at a lower level of integration. The interactions between
constituents are themselves locally produced without any reference to a
preconceived global structure. To the contrary, it is an emerging property of the
system and not a property imposed from outside the system”. This definition leads to
the introduction of the concept of the emergence of meta, even global, structures
from interactions between “elementary” constituents on a local scale. These can be
self-organizations of structures and/or functions.

5.5.1.2.2. Shannon’s redundancy function R

R is defined by R = 1 — H/Hnax, Where Hy.x is the quantity of information that
corresponds to a diversity system in the absence of redundancy. The organization
plays on a sort of compromise between the quantity of information and the
redundancy. Self-organization is associated with an increase in the quantity of
information (internal programming? see, e.g. Kaern et al. [KAE 05]). For Rothstein
[ROT 62], the system’s order is defined by R.Hn.x, R being dependent on the
system’s constraints and Hu.x on the potential diversity of the said system (see also
[ATL 06]).

Under the influence of disturbances, for high R values, the system can continue
to function so long as a certain redundancy can remedy the losses of communication
according to the principle of order through noise [VON 60] (see Figure 5.17). This
principle in which the levels of integration are nested within one another poses the
question of the quality of information (meaning and local transmission). Atlan takes
the example of a cell affected by a “noise” that disorganizes it, which leads to
diversifying relative to its neighbors, translated to a higher level through creation of
possible variety and adaptation with possible feedback. In the presence of noise, the
system decodes it and can elaborate new behaviors (see Figure 5.10).

Shannon’s model constitutes a schema from which information allows the
organization to adapt its behavior to each moment through regulation and transform
and rebalance itself to be in thermodynamic coherence with the environment.
Information gives rise to a process of permanent adjustment in the organization
through canals (the system adapts through accommodation) and codes (the system
adapts through assimilation) of communication in relation to a project.
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Shannon dissociates the quantity and meaning of information: the quantity of
information contained in a message can be measured independently of all reference
to this message’s meaning. Applied to biology, it implies that the quantity of
information brought by a strand of DNA, an organelle, a cell, etc., does not depend
on fine knowledge of the organism whose construction, development, and
senescence are scheduled, at least partly, by this DNA. This idea, behind the
apparent differences in behavior, the structures that connect them, poses the question
of knowing if these differences ultimately hide the same phenomenon. The debate
must be cut short [FRA 97].

5.5.1.2.3. Machine of states

This is a system made up of a certain number of states in which it can be found
and of a law of spatial-temporal evolution directing its passage from one state to
another under the effect of its environment. It can be formalized either from groups
of differential equations or discretely, with, for example, a network of automatons
[WOL 84]. In these operations of modeling the real a critical element appears, that
of the models’ degree of sub-determination for lack of understanding or ignorance of
the functional constraints.

Numerous different models, with their reductions, can explain the states
observed without it being possible to separate them in the absence of new
experiments that could be likely to raise some ambiguities (insofar as the “right”
variables of the system have been considered). These models bring out macroscopic
structures from local constraints (see [THO 72, MAN 73, NIC 77, KAC 71)).
However, will we know how to perform the determinant experiment allowing us to
choose robustly between two different theoretical foundations in one example, using
specific cells, chosen consensually between bio-printing specialists to move forward
on this subject?

5.5.1.8. “General system theory” [VON 12]
5.5.1.3.1. Theory of compartments

This is a set of sub-units that has boundary conditions between which processes
of transport (information, energy, etc.) take place. It can take different structures.
The laws of so-called “classical” physics are essentially laws of disorder, the result
of random events. Concepts like organization, directivity and differentiation are
foreign to this physics of dissipation. Every living system is open to flows from
different origins (matter, information, energy, etc.). It is naturally possible to disturb
the system through commands that can act on the state of the system, in principle
allowing it to be aided in achieving a desired final state. The underlying idea is to
make the complex system created through bio-printing react thanks to stimuli to
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drive it continuously or discontinuously towards a quasi-stationary state under
constraints. Le Moigne [LEM 99] writes that every person searches not for the
general solution, but is content with a particular solution. “The expert is not the one
who shows the convergence of a good algorithm, but who, through a well-reasoned
ruse, has large collections of plausible heuristics”. Around these aspects, there is a
possibility of defining a possible roadmap for (and with) the PE.

5.5.1.3.2. The projective modeling of complex action

The basic concept of Systemic Modeling is action, and thus processes, starting
with the question “what does that do?” whereas analytical modeling deals with the
question “what is it made of?” (see Table 5.1). The process is temporal, at the
interface of two kinds of transfers, one temporal (displacement in space) and one
transformational (modification of the morphology, functionality). Thus, every
complex system can be represented by a set of multiple reciprocal actions or by a
global process that may be an interweaving of processes. It is by playing on the
mechanisms and their magnitudes that behaviors can be defined (the variety of the
system is the number of interrelations). If this number is too high for robust
treatment, it is possible to work with sub-sets whose behaviors and knowledge of the
interrelations between sub-sets should be made to emerge.

5.6. Bases of reflection on modeling
5.6.1. Shooting or Monte-Carlo methods

A complex system presents different types of equivalent behaviors from an
energy standpoint, but it does not seem possible to classify them hierarchically
[LIC 10]. The discussion on complexity developed in a transdisciplinary way by
attempting to bring together the need to explain this concept through highly
organized collective behaviors and the activity in physical, biological, cognitive, and
social systems. Unfortunately, no clear definition has been achieved, so complexity
appears as an antireductionist paradigm in search of a theory [LIC 08, GIU 11,
THO 14, IZA 04, MOM 05].

According to Licata [LIC 16], “a complex system can belong to one of the three
following categories:

— “information systems: example of ‘perfect’” Brownian movement (elastic
shocks); no matter what sample is considered, it respects the same law;

— information compression systems: closed but non-isolated systems, submitted
to a progressive weakening of correlations (entropy) and having a finite number of
asymptomatic states (top-down operation);
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— information amplification systems: open system that requires making new
models get involved to characterize the emergent structures. The number of degrees
of freedom must decrease (Haken’s ‘slaving principle’). Thus, ‘the loss of
information on the degrees of microscopic freedom is a necessary condition for
organized structures to emerge.’”

It is still necessary to feel around in an attempt to advance, bio-printing likely
belonging to the third configuration. It is thus that it may be proposed, to get
engaged in a modeling approach, to work with a random shooting (Monte Carlo)
method based on the laws of behavior closest to biological equality [SUN 13,
FLE 12]. It is possible to make the hypothesis that the learning faculties of the
artificial “cells” have a behavior associated with forms of self-organization with
connections under the effect of the stimuli they exchange (would it then be
necessary to talk about hetero-organization?). In biological systems, what is known?
For example, during tissue formation, the cells can divide, differentiate, change
shape or position, or die. This small number of mechanisms determines the size and
shape of the tissues. If most of the genes that orchestrate these mechanisms have
been discovered, do we know, do we have the means to learn about the physical
forces that “sculpt” the tissues by making them functional? How do tissues acquire
specific axes of polarity during morphogenesis [IBD 16]?

According to Kupiec [KUP 08, KUP 98], the cells differentiate using a
probabilistic operation: according to how one of the genes expresses itself, the cell
could acquire characteristics corresponding to a differentiated state. Cellular
interactions could stabilize the genetic expression so long as the differentiated cell is
viable. The genetic expression would then be fixed and, subsequently, the cells
would no longer change state (mix of chance and selection; see [TUR 52]).

Licata [LIC 08] reminds us of the problem of mastering nonlinear dynamic
systems by considering the existence or not of uni-modal relations in cell growth.
After a large number of shots, it should be possible to examine the average behavior
of a “cellular” system that develops in a given environment.

A connectionist model is characterized by three basic constituents: a network, an
activation rule, and a learning rule [COL 95]. The network is made up of a set of
cells initially placed by the operator via the bio-printer (see, in two dimensions, the
example from Figure 5.21 whose principle stems from Neagu et al. [NEA 06]). “The
activation rule of a connectionist model is a local procedure that each cell follows by
updating its activation level as a function of the activation ontext of the neighboring
cells. A genetic model depends on the evolution of a population in an environment
according to preset survival criteria, function of the arrival of nutrients, oxygen, the
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presence of dead cells, the possibility of their elimination, etc. The general principle
of the genetic algorithm to be developed depends on a continuous process that
replaces the least adapted cells (going through apoptosis) by other cells coming from
other, randomly chosen ones among the most adapted” [NEA 06].
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Figure 5.21. Model principle: each cell interacts with its
environment to die, proliferate, move, etc. For a color
version of the figure, see www.iste.co.uk/andre/printing3.zip

On this basis, there can be cellular proliferation, migration, so long as the nutrient
and oxygen supply criteria are respected [MCC 14, SUN 17]. After numerous
generations, the system must tend towards a dynamic balance, the cells present
(if some exist) are those that respond to the sought “biological” programming. So long
as the cells maintain their nature (no differentiation in this stage), it must be possible to
demonstrate that a stationary state is effectively attained; moreover, it must be possible
to take the potential attractiveness of the cells for scaffolding into consideration, thus
favoring cellular migration towards the support. Insofar as the interaction mechanisms
are known, it is foreseeable, but it is just a bit more complicated.

Reminder: a projected model must, using the knowledge of the present and past state of a
system, allow its future behavior to be deduced. An obvious reduction principle must,
however, be at work to try to seek the role of the chosen parameters in the system’s behavior
in a trend model.

Questions to ask:

— Invariance of scale: is the same phenomenon ruled by the same laws reproduced at
every spatial scale?

— Existence of attractors that structure and organize the trajectory of the system in its
dynamic?

— Existence of bifurcations?
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In the systems to be conceived of the type “swarm on network”, the cells interact
randomly (but with probabilities linked to the assumed known laws of interaction)
on a three-dimensional network and have no global representation of the architecture
that they construct; they can only perceive the local configurations of matter around
them, and maybe only a small number of these configurations will lead to an
organized structure (see [THE 95]). Is this also the case for printing living tissues?

NOTE.— Other treatment models exist (see [TRI 11, BAL 13, BAT 13, MIS 11]). If
the methods change, the question of parameters of interaction among cells and
between cells and the environment remains [DES 06, BOI 10]. Ballet et al.
[BAL 13] indicate several types of software that allow cell growth to be simulated

(see Table 5.2).

Year Software name Reference

1992 ImmSim www.immsim.org

1999 NetLogo ccl.northwestern.edu/netlogo
2000 Cellular Automata Viewer www.rennard.org

2001 MGS Mgs.spatial-computing.org
2003 SimBioDyn Virtulab.univ-brest.fr/SimBioDyn
2004 Smoldyn www.smoldyn.org

2004 HCell www.iri.fr/-pa/Hsim/index.html
2004 Flame & Flame GPU www.flamepu.com

2007 NetBioDyn Virtulab.univ-brest.fr/ NetBioDyn
2007 CompuCell3D www.compucell3d.org

2011 Matrix Studio Virtulab.univ-brest.fr/MatrixStudio

An example of work by Ballet et al. [BAL 13], who developed several of the

Table 5.2. Cellular growth simulations software

pieces of software presented in Table 5.2, is presented in Figure 5.22.
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Figure 5.22. Bacteria in the center feeding on glucose; left: beginning; center:
intermediate situation; right: situation when all the glucose has been
consumed (with permission from Pascal Ballet). For a color version
of the figure, see www.iste.co.uk/andre/printing3.zip

5.6.2. Analogy with David Bohm’s works?

Peat [PEA 96], who drafted a biography of Bohn’s works, reminds us that “when
two negatively charged electrons are totally isolated, the interaction between them
extends over a great distance. But in a plasma, such a gigantic number (of the order of
a hundred million) of other charged particles recombine to protect this large-scale
interaction. Each of the plasma’s particles then only interacts with nearby particles
over short distances. But the long-distance interactions have not yet disappeared.
These are what allow the plasma to behave coherently”. For Teodorani [TEO 11],
there is a low potential but one with information thus giving shape to a strongly
energetic structure (somewhat, all proportions maintained, in the way of Coriolis
forces). Mathematically expressed, the concept thus requires the particles to be entirely
determined by a higher-order description, that is, hidden variables [LOM 05].
Therefore, by this means, there is a possible introduction of an apparent form of
determinism into the processes associated with a bio-printed object’s formation. It is
the framework of this apparent determinism that the PE must research.

In these conditions where the global and the local are associated, will it not be
possible to examine how the conceptual approach stemming from plasma could be
applied to the bio-printing issue? It is, incidentally, in this same direction, based more
on biological competencies, that the work of Kupiec [KUP 08, KUP 13] is situated.

5.6.3. Cellular differentiation

Until now, we have tried to reflect on the spontaneous assembly of identical cells
(without natural selection). It is possible (to discuss) that under the influence of the
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environment, cells A differentiate into cells B or C. Several occurrences can likely
exist: proliferation of B relative to C (and vice-versa) or a coordinated proliferation
(example of blood vessels that are built simultaneously with functional tissue).
According to the types of interaction between cells B and C, Kupiec [KUP 08] has
performed different simulations that lead to results that could be taken up by in-
depth studies to judge their use for bio-printing (but this path seems promising, at
least to start with). Figure 5.23 illustrates some results presented in his book and in
[KUP 09]. Similar results were obtained in the same timeframe by Merks and
Koolwijk [MER 09]. Indeed, a very important question is raised in a number of
works on bio-printing, namely, that of transfer of matter and energy to printed cells
[MER 09]. How, in a significant stage, to model angiogenesis? Even if refinements
exist [BOU 15, LEJ 17, OKU 16, SUN 17], an in-depth study of this kind of
simulation linked to the expertise of biologist colleagues may be likely to explain a
potential for cell differentiation, leading to the appearance of micro-vessels; when
the mechanism is understood (and experimentally validated), it will be necessary to
research the conditions for the proper mastery of this evolution necessary for bio-
printed tissue. This competence, still to be acquired, constitutes an essential element
that should be found in the toolbox of every good bio-printer, even if this is not
everything.

Different forms of selective balance according to the value of the influence parameters
between A and B: separate areas; homogenous division; formation of lacunae; etc.

Figure 5.23. Approximate drawings of simulations performed by Kupiec [KUP 08]
and by Merks and Koolwijk [MER 09]. For a color version of the figure, see
www.iste.co.uk/andre/printing3.zip
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Ontophylogenesis, a concept introduced by Kupiec, can clash with the usual way of
thinking. In his framework, ontogenesis, instead of being the result of a deterministic
mechanism controlled by the genes, is understood as an instrinsically probabilistic process at
the level of intermolecular interactions, indeed, the proteins’ lack of specificity consequently
induces multiple combinatory possibilities in molecular interactions. Each of these
combinations has a certain probability of occurring, but the ontogenetic process undergoes
selection originating in the cellular (or multicellular) structure, which is itself selected by the
organism’s environment.

In the general theoretic framework, the random expression of genes, caused by the non-
specificity of molecular interactions in the cells’ nuclei, allows cells to change state without
being directed by signals emanating from a genetic program. However, they are not given
over to absolute probabilism. There is also a selective constraint that performs selection
among the diversity of random cell states and steers embryogenesis towards the adult state.
Each cell of an organism finds itself in a particular micro-environment that allows it to
multiply and differentiate. This micro-environment determined by the embryo’s multicellular
structure is characterized by the concentrations of the metabolites to which the cell has access.
The metabolism must be understood here in the broad sense; it is every reaction and every
biochemical exchange, including molecules normally considered signals. As a function of this
micro-environment’s variations, the cells that express an adequate phenotype are selected or
stabilized. This leads to cell differentiations at the origin of tissues constituting an adult being.
This theory is based on a wealth of experimental data.

The proliferation of cells is controlled by activation or inhibition signals. With the
Darwinian model, the process is completely different. There is no difference between the
growing system and the stationary system that could be tied to the presence of specific signals
to control proliferation. The cell population ceases to grow when it achieves a state of
equilibrium and this state depends on the quantitative value of the model’s parameters. In a
real organism, the mutations that would survive in proteins involved in self-stabilization or
interdependence would change the values of the parameters that govern these processes. For
example, a mutation in a transcription factor involved in self-stabilization would modify its
affinity for its target sequence in the DNA and, consequently, in the model, the parameter to
self-stabilize the genetic expression would also be modified. The simulation for such an event
shows that the equilibrium of the cellular bilayer is then broken and that proliferation begins
again. When the value of the self-stabilization parameter is changed from a cellular biolayer
having achieved its state of equilibrium, we witness a local recommencement of proliferation
leading to the progressive appearance of cell masses evoking tumors. Likewise, a mutation
could change the diffusion properties of a protein. In his computer model, this leads to
changes in the value of the parameter regulating the molecules’ diffusion speeds. The
simulation shows that, in this case, this leads to an imbalance in the division of cells that also
induce uncontrolled growth destroying the cellular bilayer.

Box 5.3. Extracts from [KUP 09]
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5.6.4. Scale change(s)

From a computing standpoint, it may be possible to work with a few thousand
cells [BOU 15], which represent a space of the order of 0.1 to 1 mm, which is far
from representing a real tissue. Let us imagine that it is possible to define an average
law of behavior for a set of cells that will constitute a voxel (non-vascularized and
non-innervated at this stage). If this voxel corresponds to a representative element
(with possibilities of threshold or random behavior), then it will be foreseeable to try
to gain on spatial scales.

It may be possible to assume, for the needs of modeling, that the system studied
can itself be composed of larger interacting parts. These parts can be physical or
abstract entities. A system will be called self-organizing if it can, from its
interactions with its environment, detect all the non-cooperative situations between
its parts and try to delete them by reorganizing. A self-organizing system is typically
capable of autonomously:

— creating, deleting, modifying parts within it;

— changing the organization (the inter-individual relations).

A system with variable connections can also be foreseen (but we are not there
yet). However, on the basis of these first results, it will be foreseeable to examine
whether, using biological knowledge, it is possible to bring out vascularization
(always using Monte Carlo or equivalent modeling) or to examine whether
manufacturing a bio-printed system, for example, a strongly porous one, allows this
creation to be facilitated.

5.6.5. Questions for realistic modeling

Table 5.3 gathers a certain number of questions asked to prepare a basis for
modeling.

Basic model scale < Questions
0.1 mm

Effects of the physical and biochemical environment on cell
differentiation

Laws of cell behavior among themselves; self-organization or
hetero-organization?

Laws of cell behavior with their scaffolding

Laws of cell behavior vis-a-vis flows of matter and energy

Effects of apoptosis
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Can an organization parameter like an order parameter be defined?

Is there local “determinism”? Genetic algorithm?

Change of scale Moving from a Monte Carlo system to something else; problem of
networking

Conception through a unique nucleus or an initial set of
independent nuclei (sub-sets that respect the basic microscopic
model form the start and whose evolutions will allow a more
macroscopic, unique set with the desired functionality to be
created)

Cell differentiation

Vascularization

Heterogeneous bio-printing with the aid of several cell types
(among those that will allow vascularization)?

Conception of the bio-object with potential bio-resorbable micro-
vessels [MAO 15]

Table 5.3. Some questions posed for modeling

5.6.6. Provision of an operatory reference

In most of the publications analyzed in Chapters 2 and 3, the authors show that
their bio-tissue starts to develop, is capable of surviving x days or y months,
differentiation appears, etc. In the spirit of what has been presented, the so-called R
value or Shannon Redundancy Function, where R is defined by R = 1 — H / Hyux Or
H.uax, corresponds to the quantity of information possessed by a diversity system in
the absence of redundancy. If it were possible to define an R value (even on
approximate, even semi-quantitative bases), it would be possible, with the help of
this kind of “normalized” reference, to notice the positive (or not) evolution of a bio-
printed tissue created in specific (and known) conditions.

This demand on the author’s part finds its origin in its modest trust in global
modeling contributing, in the short term, an ensured and robust vision of the bio-
construct’s development. It no longer dreams of resolving the inverse problem! In
these conditions, instead of accumulating proofs of concept, certainly always
interesting, it could be foreseen that, on the occasion of these often-original
experiments, one capitalizes via an H factor (which is not that of Hirsch [HIR 05]!)
on the quality of a direction aiming to create a bio-tissue with the desired shape,
dimension, and functionality. It would only be, as with the thermometer in medicine,
an integral indicator, but this would allow a comparison experiments between (as
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done by the Hirsch factor, but which, it must never be forgotten, requires a
complementary analysis before judging, except if the gaps are notable).

Organogenesis is a dynamic, complex system that finds its origin in the cell
stage. During embryogenesis and fetal development, the spatial-temporal
organization of the cells is orchestrated by the biochemical environment (ion
gradients and growth factors, etc.) and the biomechanical environment (solid and
fluid mechanics) that will influence the genetic expression determinant for cell
behavior (proliferation, migration, quiescence, differentiation, death) and the
volumic architecture of tissues. Thus the parameter, which could be a self-
organization parameter (depending, however, on an open environment), must inform
(gray box) about the evolution of a biological system. This factor could be created
on the bases of embryogenetic factors and should/could integrate a certain number
of criteria, presented here to move forward with reflection. Some are already
useless, others lacking:

— volume evolution factor;

— shape factor;

— influence of additives;

— influence of surrounding physical-chemical factors;

— vascularization;

— resorption of the initial scaffolding;

— creation of an internal structure;

— differentiation;

— orientation of the cells relative to the “instructions”;

— mortality rate;

— autonomy.

It is well understood that this construction is certainly delicate to implement, if
only because there are already, in this enumeration, interdependencies between sub-
factors: hence the author’s proposition of a demand, already expressed elsewhere, of

an agreement on the part of specialists to come to terms on this important aspect to
move forward in a slightly enlightened way.
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5.6.7. Organizational methodology

Whatever we maintain, we do not think “past the end of our nose”. Researchers
and experts are often more familiar with previous disciplinary works than they are
equipped to understand the events that they are meant to advance. The behavior of the
committees is constituted, for different reasons, by certain forms of interests. The state
of mind at the moment and fashionable subjects leads us to believe that they are
lasting, that proofs of concept are enough to legitimize extraordinary promises. But,
when nearly all the hypotheses are open, which is the case today, how do we decide?
Or go about it? How to be sure that acting is better than abstaining, how to give
oneself a chance to succeed when acting, how to deepen reflection and rule out
facilities of weak or herd consensus? It should be feared that this is the relationship of
forces, based on personal charisma and means of communication, that is gaining —
and, with it, whatever economic ideology — or not — of the moment [AND 15].

According to Bouét and Duréault-Thoméré [BOU 11], the growing complexity
of the issues that we must resolve imposes the idea that we cannot find the responses
and solutions on our own. Thanks to its own creativity, each contributes, of course,
to enriching this research. But, far from being the addition of each of these
intelligences, methods of collective intelligence must stimulate the production of
ideas, which should then be enriched exponentially, at least at the onset. They
constitute the foundation of what is called “positive-sum economies”.

The proposition to connect the concepts of creativity and collective intelligence
poses the hypothesis of a possible link of causes and effects. The promoters of
collective intelligence and its methods actually postulate that they are factors of
creativity and innovation. Giving rise to a new form of intelligence, which, in
principle, goes beyond people and their egos, methods of collective intelligence
should encourage letting go in relation to the defense or paternity of ideas. They
could offer the possibility to go where none have thought to go by significantly
improving intellectual collaboration processes. These co-production processes could
allow appropriation of the subject dealt with and recognition of the people who
facilitate their implication.

They are, however, sensitive to the personalities involved in the process (batch
or semi-batch), their common history and their dynamics: they echo a concrete and
living reality. But, at the same time, subliminal forms of soft coercion (the mission)
and sensitization (the group leader who, to advance the operation, may be tempted to
make his/her contribution) intermix. Beyond a work on oneself that could have been
conducted by each group member to take on appropriations, to make them his/her
own, there is probably no means of going further in a given timeframe [GRO 15].
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To draw closer to the learning organization, it is essential to develop “double-
loop” learning, which involves not only learning to correct mistakes, but to modify
one’s way of thinking and posing the problem. Figure 5.24, inspired by works by
Argyris and Schon [ARG 96], expresses the difference between these two learnings
well. The challenge is to reach this second level of learning, so long as there is time
and monitoring of the hierarchical system. This kind of learning, necessary in the
case of bio-printing, will be difficult to achieve without collaborative work that
allows ideas to be compared, confronted and mutualized to transform into operatory
actions.

- Directive values - Action strategies # Consequences -

Single-loop learning

Double-loop learning

Figure 5.24. Learning loops [ENA 16]

There is a need for devices that allow each member to access existing knowledge
in a scientific project on 3D bio-printing as quickly as possible (concepts,
community of practice). Furthermore, it is best for the critical organization (to be put
in place) to correct and adjust its knowledge base in a calm and trusting framework.
The concept of socialization is thus seen as a meta-process. This is a global vision of
interdisciplinary management focused on communication, interaction and
cooperation (see Figure 5.25). It is likely another form of complexity to be dealt
with.

Thus, a learning organization is a human organization that implements a set of
practices and services to remain in line with its environment. In such a “learning”
project, in principle, each member learns from the others (and vice-versa). This is by
building on collective intelligence in order that the sustainable development of a
project’s organization is ensured to achieve its goal. The idea is: “I transform myself
to transform our way of working”. It is thus a matter of putting each partner in the
center of reflection and encouraging environments, where divergence is creative
rather than a harbinger of sterile confrontations. Table 5.4, taken from Lemyre and
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Despatis [DES 06], reminds us what the expected qualities are on the parts’ of the
partners in such an operation.

Meta-process: socializing

Capitalizing- Transferring .
Knowledge
base

Contributing U ‘ i Learning user

Figure 5.25. Mutualization of knowledge [BAL 10]. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

Domain Sub-domain

Systemic thought - System open to the internal and external environments
- Work in networks
- Concern with the results

- Strategic monitoring

Mental models - Flexibility
- Innovation
Personal mastery - Promotion of the ability to learn

- Creative tension

Shared vision - Shared decision-making
- Oriented action

- Collective aspiration

Collective learning - Collective learning

- Learning at all levels

Table 5.4. Qualities expected from the different partners in the project
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In the approach desired for engagement in the project, several considerations can
be recalled:

1) To start with, the time to manufacture a bio-object is considered short given
the lifetime of the tissue created by bio-printing; modeling must consider the initial
conditions (manufacturing the bio-object) to define (if possible) its evolution in
terms of tissues.

2) In this stage, the composite material is left in the presence of environmental
conditions defined at the onset and its temporal, spatial and functional evolution is
followed (with all accessible measurements).

3) In a later stage, it will be interesting to examine how it is possible through the
modification of environmental factors to know the “trajectory” (control-command)
and potentially to examine if it is possible to define an optimal path.

4) From acquired experience, the question of the inverse problem can be dealt
with considering the robustness of models, the nature of the biological systems
and/or of tissues to be created, the quality of existing information, etc.

Over the unpredictable duration of such an engagement, whose interdisciplinary
and heuristic aspect determines its interest and inter-relational difficulty, it does not
seem foreseeable, to the author, to immediately deal with stages 3 and 4.

To advance on a possible project, in anticipation of a discussion in a group to be
put together to reach an agreement on the means of proceeding, it may be proposed
to operate at several moments (see [DUR 12]):

— Definition of the concept linked to the boundary-object of bio-printing while
trying to make it operational, thus intelligible, in its own disciplinary practice.

— What does each member of the project expect, how can he/she contribute
(significantly) to the operation?

—Is there a possibility of defining a common project? On what bases? What are
the barriers to take into consideration?

—Use of an explanatory schema (e.g. flow-chart), for which each member is
invited to express what he/she understands out loud, what seems intelligible to
him/her (bring out the unspoken). The use of this “tool” allows biases to be grasped
on one’s own knowledge (recourse to “conceptual blackboxes”) through interaction
with “profane” scientists from other disciplines; each member can then not mobilize
the common references from his/her discipline and must open blackboxes; the
presences of other representatives in the interdisciplinary space imposes a demand
for common understanding.
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— Discussion of the importance of a particular discipline to specifically deal with
the boundary-object and how it makes it potentially intelligible; disciplinary
elements to consider?

— How do we integrate knowledge into the epistemological approach? What are
the necessary elements to start this fusion of knowledge, what is known and what is
obviously lacking? Are there acceptable compromises? Dynamic systems on
multiple time scales? Once the objectives are defined, an exploration phase must
help define the interaction domain, as well as the variables that can be acted on, the
relations between elements, the circulation of the flows, and the critical points, the
structural constraints, the regularities on which processes and singularities can be
built justifying constant monitoring with great reactivity to avoid failure or seize
opportunities; then will come the actual modeling phase to conduct simulations
allowing the choice of a strategy that should ensure reproduction and development,
taking into consideration the balance of flows and the reconstitution of both internal
and external resources. The difficulty lies in visualizing what can be known about
everything while underlining the risk and uncertainties.

— What kind of model to choose? Can it be tested with the help of the existing
knowledge? If so, how to refine it? What is its sensitivity to the initial conditions
(multi-stability)? What control is there of the process of regulating the living
(difference between the living and cellular automatons, CPD (Cellular Particle
Dynamics) from Kosztin, Vunjak-Novakovic, and Forgacs [KOS 12], LBM (Lattice
Boltzman Method) from Cristea and Neagu [CRI 16])? Knowledge of self-
organization mechanisms (direct, indirect, cooperative, extolled...)? What
experiments should be planned to advance and on what kind of biological tissue?
Will there be sufficient genericity to expand the application of a potential model?

— Is the epistemological problem predictable, temporarily unpredictable due to an
absence of sufficient data or truly unpredictable? Are all the unpredictables under
control (e.g. bifurcations)? The arborescence of new hierarchies demand a more
precise definition of what constitutes them in organized wholes. It is not enough to
say that there is more in the whole than the sum of the parts, it must be stated what
sort of whole is being spoken of. What trust will be had of the prediction? How to
avoid on, to the contrary, profit from possible bifurcations?

—How and according to what practical criteria should we distinguish between
fate and complexity [LEV 15]?

— Permanent feedback in debates on the member’s practice, avoiding the by-
passing of others to engage his/her own research activity (self-referral) and outside
critique (going from “me” to “us” to achieve conceptual connivance).



374  From Additive Manufacturing to 3D/4D Printing 3

—In exchanges, if each is led to express himself/herself in his/her scientific
culture by attempting to avoid being in an “a-disciplinary no man’s land”, it is
important to make others share their points of view (in an interdisciplinary way, in
relation to one another, processes with an aim of defining the object of
interdisciplinary research), and to accept that ignorance is not a flaw.

— To move forward, the comings-and-goings between different propositions and
explanatory theories, on the one hand, and remarks and heuristic intuitions, on the
other, must be accepted (returning to the complex problem from disciplinary
reduction).

As indicated by Table 5.5, partly from Vinck [VIN 05], even if the partners have
strong values for engagement, several tensions may be at work in an attempt to
achieve the goal.

Internal success factors External failure factors
Scientific method and questioning Inertia
Trust and absence of prejudices Beliefs; obscurantism
Relationship with the experiment Persistence in error
Rationality and common sense Non-openness to others
Rigor and traceability Lack of rigor
Creativity Herd mentality
A certain obstinancy Lack of obstinancy

Table 5.5. Difficulties and dissymetries in interdisciplinary investment

This best integration of complexity into research is supported by the ISF (French
Association of Engineers and Scientists) [IES 16] in terms of the initial training of
engineers. This association writes that it is necessary “to engage pedagogical
transformations to adapt the initial training of future engineers to the stakes of
tomorrow, notably:

—Developing intelligence of complexity by teaching epistemological
foundations and fundamental concepts of complex thought.

— Accompanying scientific and technical teachings with development of a true
‘scientific spirit’ and particularly critical thinking.

— Preparing for the digital universe, not only through mastery of technology, but
also by taking a step back from the conception, uses, and stakes of data and
algorithms.
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— Reinforcing collaborative skills and opening students up through more multi-
form teaching and more transdisciplinary collaborative activities” (see also
[HEF 16]).

In this investment of constructing a common, in-depth culture, it is best to limit
as much as possible the recourse to operations that increase the risk of losing control
of theorization processes. Yet, social communication, which lies at the heart of
interactions, necessarily mobilizes common sense. Knowing that it is impossible to
totally “purify” the rational dimension of a complex, high-risk project of its affective
components and of personal, rarely expressed interest, it may be useful to limit and
control the project through techniques allowing the loss of distance from the object
during human interactions to be reduced. It is thus a matter of injunction,
paradoxically, in the end, but it is perhaps the price to be paid for this enterprise.

5.7. Conclusion

The presentations or reflections presented in this seventh section are provisional;
they characterize a state of reflection upon writing this Volume 3. They foresee a
possible path that can only be engaged if our biologist colleagues bring to the start
elements on cell behavior. On this learning base, it should be possible to model the
growth of a free cell aggregate or one attached to a support, so long as the cells do
not diversify. This stage can be considered a prerequisite for a change of scale
allowing more realistic spatial domains to be reached.

Independent of this aspect, it could be useful for reflection to be made on the
concept of the bio-printing operationalization indicator (H factor). If it is difficult to
define well, because the volume of the bio-object is itself not defined, an estimation
based on indicators considered pertinent could already allow a judgement of the
experiments published (e.g. a question of interest: will the temporal evolution of R
follow a monotonous curve or will it be more complex?). This global measure could
thus allow a better grasp of possible organ construction via bio-printing methods
using the results from the literature (insofar as there is access to the values of the
indicators).

As has already been pointed out in this section on bio-printing, the scientific
development of this exciting field poses considerable epistemological problems
which do not seem as yet to have preoccupied many researchers and may not have
concerned the hierarchy and the Agencies, interested in the most immediate results,
at all. The path is thus still long before being able to make ourselves immortal and
post-humanized (see Figures 5.21 and 5.22), as we see by taking a look at the
somber facets of our anticipations.
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From an operational standpoint, in agreement with André [AND 16];
Brynjolfsson and McAfee [BRY 14]; and Kalil [KAL 12], it must be possible to
foresee the development of a “reflexive” HE operation (with strong PE support) in
the field of bio-printing (see section 5.2). The principle is to stimulate, through
divergent ways of thinking, the emergence of original ideas defining a project
(association, application, modeling, technologists, between concerned disciplines).
This operation depends on the principles defined in Figure 5.26 (inspired in part by
Bila-Deroussy [BIL 15]). Figure 5.27 reminds us of the forms of operation necessary
in a systemic approach.

Inverse problem?

Additive | Proofs of concept in BP ‘
manufacturing
Pioneering

experimenters | I H N
(PE)

v Experiment
refinement
Diagnostics?

Model?22? |

Heuristician
experts (HE)

Bibliographic Methodological
hypotheses refinements

Pre-models

Figure 5.26. Vision of action harmony between PE and HE. For a
color version of the figure, see www.iste.co.uk/andre/printing3.zip

Modeling

Figure 5.27. The “virtuous” circle of the systemic approach



Questions of Epistemology and Modeling 377

Interdisciplinarity, which is indispensable in this type of operation (after defining
the project’s framework), is a process in which analysis and synthesis capacities are
developed from perspectives from several disciplines. Its goal is to deal with an
issue in its whole (principle of integration in organizational engineering), by
identifying and integrating “all” the relationships between the different elements
implied. It attempts to synthesize and link disciplinary knowledge and place it in a
broader systemic framework, all while engaging each member from a discipline in
the relationship to his/her own identity, all without forgetting the relationship
between scientific practices and identity constructions.

This is, for academic research, perhaps a means of trying to “decipher”, in light
of the development of a theme as attractive as bio-printing, “mysteries” of an
integral field of studies ensuring it, in case of success, real international legitimacy,
rather than resolving “local” problems and seizing opportunities. It is necessary to
go a bit further, no longer based on classic inertial foundations (because they have
proven themselves ([MOR 12])) and by proposing that we leave the following
conservative spiral: rather than producing knowledge adapted to situations as they
are built, we adapt these to existing knowledge or as it is foreseen!

In doing this, those who do can naturally update technologies and/or methods
that will respond in part to the stake. Would we then find, as in artificial intelligence
relative to “natural” intelligence, an artificial bio-construction, and a new subject
relative to what Nature knows how to do. This could open new fields of research,
abilities to change the world, for the better and for the worse.

If the possible revolution, in which bio-printing submerges us, involves applying
knowledge to knowledge itself, maybe it is best, passing the word of the near end to
Jean Staune [STA 15], to conclude with this paradoxical and pessimistic sentence:
“Why study problems that have no solutions or whose solution is too complex to be
found?” Is it really possible to escape the exhaustion of concepts to be capable to
predict the evolution of such a complex system from knowledge of its present state?
Could there be incompleteness and consequently indecidability? How will we know
if we do not try?

“In each discipline, there is, in fact, in relation to nearly every problem, an avant-
garde: this is the group of researchers working in practice on the problem at hand.
There is then the primary group: this is the official community. Finally, there are the
more or less disorganized late-comers. [...] The avant-garde has no fixed position;
overnight, it is in a different place. The primary group moves more slowly; it takes
years, even decades, for it to change positions — often through pressure. Its path does
not perfectly correspond to that of the avant-garde: the primary group certainly
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determines its path following the information provided by the avant-garde, but with
a certain independence. [...] The paths must be transformed en route, the land
leveled, etc., such that the landscape is significantly transformed until it becomes the
parking place of the primary group”. How many times will it be necessary for the
trail, as it is foreseen by Fleck [FLE 08], to be blazed?

In this necessary quest for knowledge, there is particularly no place to oppose the
PE and the HE but only, on the contrary, to bring them together. For the author,
there is neither a debate nor a hierarchy between Epimetheus (who does and who
reflects afterwards) and Prometheus (who reflects beforehand). The adventure needs
every talent and it is not after having extolled interdisciplinary openness (as was
presented in this reflection, in these three volumes) that the author wishes to engage
a sterile quarrel between approaches that must interweave, mutualize to make gains.
Otherwise, this would be mutilation (not reparable by bio-printing)!

“At the beginning of life, a sort of loop was created, a sort of natural
machinery that returns on itself and produces ever more diverse
elements that will create a complex being that will be living. The
world produced itself in a very mysterious way. Knowledge must have

instruments today, fundamental concepts that allow linking”.
[MOR 95]

“A good model thus involved finding a structure of connections such
that the calculation of the network’s evolution from this structure
shows it stabilizing itself in the correct states, effectively observed in
reality. And it is then that I understood that it was possible to
manufacture several different models, one as good as the other,
without the available observations being able to decide in favor of one
among them”. [ATL 11a]
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Conclusion

Interdisciplinarity in science, like additive manufacturing in society, is “in”, so
rather than rejecting or embracing it a priori, let us question its pertinence, its
potential and its cross-fertilizations, for beyond being a trend, interdisciplinarity is
above all else a reality faced by a large number of researchers working on boundary-
objects (like 3D printing) at some point or another in their in-depth scientific work.
Furthermore, beyond the simple use of results from different disciplines (toolbox
syndrome), where knowledge is effectively mutualized through interdisciplinarity
(questions of convergence, mutualization, systemic approaches), Volumes 1-3 have
attempted to engage the debate applied to the field of additive manufacturing on
forms of dialogue that may (must) be established, concretely between the 3D
boundary-object and the different disciplines that compete in its development.

Interdisciplinarity often results in a display or strong constraint, as shown in this
book in the particular case of bio-printing, and for a whole range of difficulties that
have been presented, considering the time, we do the best possible with the scientific
and technological skill of the researchers involved in this action. Yet, at the
initiation of “historic” processes in 1984, it was (still) possible to function in the
way of a craftsman, with forms of knowledgeable DIY (Do-It-Yourself) in a simply
“bottom-up” logic. The initial proof of concept in stereolithography was performed
in a few days, the extension of a demonstrator was a bit longer, approximately a
year, but with researchers and students excited by the magical aspect of the process,
it was not necessary to seek outside support. It is roughly the same for the six other
“basic” technologies of 3D printing that managed to emerge with the applicational
results presented in detail in Volume 1 and incrementally numerous innovations

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
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in Volume 2. With a consequent market (in the neighborhood of 10 billion €/year)
and a progression of the order of 20%/year, the dynamic is largely in favor of the
development of 3D technologies with more and more consequent application
markets.

What has been tempted is a will to question one’s own scientific practice by
exemplifying the use of interdisciplinarity and the associated methodological
choices, the need for dialogue between those concerned by the field of 3D printing,
particularly in emerging domains. There are perhaps as many philosophers as people
who attempt to think, which stems from the principles of “unique thought”, inertias
with different origins, and involvement in the consensus induced by paradigms
(whose interest in terms of efficiency must absolutely not be rejected). If
specialization has played a major role in the progress of science, does it not, in the
field concerned by these three volumes, lead to a certain fragility? Then, returning to
the basics, perhaps a significant cultural advantage to participate responsibly in the
robust construction of our futures, near and far, in a world led at all levels to
quantitative reductionism, particularly when the social and economic demands are
clearly high.

To achieve these ambitious goals, as may be the case of bio-printing, it is
necessary to change methods, accept exchange, failure and questioning, because the
interdisciplinarity called for is profound, complex and thus difficult. So long as it
does not voluntarily seek to confront “recalcitrant” problems, the field will remain
alive, so long as it keeps “acceptable” contact with the anticipation of society’s
needs (by different means), which poses the delicate question of voluntarily
breaking away from habits perpetuated by the “system”, its social organization, its
ends (a bit like in the cartoons by Tex Avery, where the hero continues to run over
the chasm before falling). The question of unanticipated post-mortem survival
towards the opening of new fields of research is, however, posed in a world that too
strongly supports a posteriori risk-taking, creativity and breakthroughs, but which
recovers them with ease.

Yet, what is expected in research is risk-taking in disruptive terms and not a
presentation of comfortably seated professionals who satisfy all of financers’ criteria
for incremental approaches (absence of risk-taking in particular, it is enough to be
“good”). Beyond crippling incoherences (e.g. a common thesis with researchers
from different cultures located several thousand kilometers from one another),
finally satisfying the administrative criteria, it is still possible to share a bit of money
with “milestones” regulated to the millimeter. Everyone is happy, except those in
creative research.
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For some years now, this situation has become rather critical, however, because
in a Malthusian context, the population of researchers varies exponentially while the
resource varies linearly (or is even stable). To come out unscathed in a system that
creates starvation, we either perform rather costly research on the computer or we
accept the rules of the game. However, we are increasing the number of experts with
considerable linear losses to the extent that we can sometimes ask ourselves the
question of the effective expertise of said evaluators with lower and lower success
rates at the end of the day, associated with a considerable loss of time.

With a system that finances “from the top down”, there is no longer a real
transfer of responsibility in research and instead there is an inability to propose
modifications for human activity allowing defuse debate, to avoid by reinventing our
relational modes of forms of resignation. Retaking the anticipatory role (but nothing
more) of research could likely prevent reductive discourse on the impotence of
national society to escape crisis, because we are stuck in the same habits of not
thinking. The present situation illustrated in these three volumes should force us to
challenge ourselves, to revisit our points of view.

Just as stagecoach drivers did not invent the airplane, future projection (in three
dimensions!), which is a real barrier, cannot take place using extrapolations from the
past nor simple planning for the future. One solution implies being able to distance
ourselves to propose links between science and society based on reinforcement
paths. The link between policies should then concern the flexible framework of the
movement in which society must be integrated to reorient growth and/or
employment, not the optimal form of a responsible research activity at all levels.

Additive manufacturing corresponds in an unarguable way to a true market boost
for research and R&D environments. The offered domain can serve as a laboratory
for experimenting on original methods of operation, so long as research, abundant
considering the economic market, can be profitable to the field; but for this, we must
accept to operate differently, or skill will be elsewhere.

For some scientists, the complexity of the world may be an insurmountable
obstacle through simplifications of reputedly complex situations or reduction of
these to the analysis of their elementary components (disciplinary approach).
However, the number of researchers knowing how to bring them together and
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capable of criticizing them and then drawing legitimate conclusions from them
through logical reasoning based on all previous experiments, personal or not, is
probably modest. How then can disciplinary scientists manage heterogeneous
networks — both internal and external — that cross the boundaries between science,
Society, economy and policy (in the broad sense) and that can have the property of
being highly complex, even if they are harbingers of the future?

That is a (good) question!

We will soon be able to revisit this question and see whether society has woken
up... We will get there; additive manufacturing deserves it!



Postface

Tomorrow and the Future?

“Faced with the future, men have a choice between four attitudes: the
passive ostrich who undergoes change, the reactive firefighter who
expects someone to yell fire so it can be fought, the pre-active
insurance salesman who is prepared for foreseeable changes because
he knows that repairs are more expensive than prevention, and finally,

the proactive conspirator who acts to provoke the desired changes”.
[GOD 01]

“The moment capitalist societies undergo the dominating tropism of
profit and socialist societies remain tributes to bureaucracy, we could
sense that the French — allergic to all options — might acquire both
defects. That is indeed what they are doing”. [ELG 66]

“By daring to imagine the future, humanity is balancing between
pleasures and shuddering. As Science and Technologies take
significant steps, Man immediately builds barriers out of a fear of
being surpassed”. [DE 05]

“What events, what innovations will remain free of consequence, what
others are likely to affect the global regime, to irreversibly determine
the choice of an evolutionary path, what are the areas of stability?”.
[PRI 90]

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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“Scenarios allow the mental horizons to be broadened and a greater
openness of the mind towards new knowledge to be developed. They
are multidimensional [...]. They constitute an interdisciplinary and
multicultural exercise”. [BAR 00]

“We live on ideas, moralities, sociologies, philosophies, and a
psychology that belong in the 19" century. We are our own great-
grandparents”. [PAU 72]

“The threats that attest to the fragility of personal or collective
identity are not illusory: it is remarkable that the ideologies of power
are beginning, with worrying success, to manipulate these fragile
identities through symbolic mediations of action”. [RIC 04]

“The individual is no longer under the strong dependence of
traditions and ideologies that apparently impose themselves upon
him/her. In our societies with an individualistic nature, the actor tends
to determine more and more often the values on which he/she intends
to base his/her existence on his/her own”. [LE 97]

“Saint Augustine had included curiosity in the ‘catalogue of vices’
and heresies on the grounds that Man’s interest for the world must be
limited to its use in views of safety. Pleasure must only be connected
to the relationship he maintains with God”. [BLU 99]

“Understanding the world, like Cervantes, as ambiguity, having to
face a wealth of relative truths that contradict themselves rather than
a single absolute truth [...], thus having only the certainty that the
wisdom of uncertainty demands no less great a force”. [KUN 86]

“First of all, you will learn that thinking too quickly could indeed be a
very bad idea. Infobesity attacks us from all sides and it is a serious
blow to our creativity”. [LEW 16]

Micheau [MIC 09] writes, “A legislator, supreme engineer, or senior technocrat,
a central committee or administrative council of engineers or technocrats defines
social needs, functions to respond to these needs, and the principles of dividing
populations meant to occupy these functions”. In these conditions, we find
writings by Bertrand Russel (Scientific Outlook of the World) or Aldous Huxley
(Brave New World) describing a scientifically organized society, but the idea of
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generalized meritocracy stumbles over difficulties linked to the complexity of
research systems, boundary objects, the absence of a good prospective, particularly
in fields where initiative may be great, and finally, on the rarity of talents (and the
difficulty of bringing them out) in a profoundly massified world of research.

In this décor, there may be several versions of social utility:

—either it is a matter of benefitting from all the innovations, inventions and
progress — particularly technological progress — skills from an elite of enlighteners
who can, in other respects, be considered atypical, even dissidents relative to the
ordinary classifications applied in the world of academic research;

— or it is necessary for a majority of the scientific environment to get involved in
large action programs to benefit the same society. In this latter case, forms of
innovation result from a more top-down approach and leave far less space for
individual initiative.

In reality, there is probably no scientific creation without the cooperation from
the principle of profusion and freedom, imagination and disorder relative to the
“given rules” and rigorous principles, methods, regulated tidying up, criticism and
robust validation. The two methods seem necessary and naturally must “work”
together, which may limit the efficiency of an overly closed strategy and induce
paradoxical injunctions of “harmonious” operations of research.

But what is left to ensure our viability if not inventing more new technologies to
resolve problems created by our ancestors as they arise? The principle of creating
freedom in all common institutions has been replaced by the direct influence of
technologies, new habits concerning interactions that we have with ourselves and
Nature. This is indeed what has been the object of these three volumes concerned
with additive manufacturing and its environment.

Since the first patent of stereolithography in 1984, the world has profoundly
changed and strong trends threaten the (partial) social agreement in which the
French lived at the end of the “Trente Glorieuses”. If this is the case for a society
confronted with numerous interdependent difficulties, the world of innovation will
likely not be able to continue to function as in the past for much longer, just with
insidious transformations and no frank breakthroughs because they will be
incremental. Moreover, it is now known that France can no longer cover every field
in terms of scientific research, which imposes choices, certainly difficult ones, to
maintain its excellence, pertinence and role as an active interface between science,
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technology and society and thus to satisfy the need for novelty necessary to society
through science. 3D printing will not escape this general rule unless efforts are
made.

Every research and innovation system only has a true meaning if it is thought of
and challenged at regular intervals, so as to maintain its level of excellence relative
to a certain technoscientific vision of the future, which constitutes the soul of
additive manufacturing. What is observed is that more and more refined control
mechanisms and procedures are implemented each and every day, and their
operations continue to make things work as they should (“business as usual”). Yet,
the world changes with strong trends that must be considered with alternative
visions of the future that can/must escape tradition.

Strong trends

According to a recent report moderated by the author [AND 15] in the
framework of a prospective study, the following elements considered to be strong
trends should be taken into consideration.

— internationalization of production processes (and its dematerialization);

— the public’s permanent demand for the new despite the exhaustion of reserves;
health and well-being are favored;

— social demand necessitating more and more “zero” risk and NIMBY (“Not In
My Back Yard”); individualization and disintermediation;

— marginalization of material production activities (and, in any case, with notable
evolutions); shift from production to services;

—omnipresence of “digital” technology, communicating objects (with its
consequences in terms of electric consumption);

— weakness of the public perception of the importance (and effects) of processes
for transforming matter and energy;

— deterioration of the standard employment relationship, a new look at training
and the empowerment of humanity;

— obligated decrease... (the word “decrease” is never quoted in international
strategic documents), with the possibility of defining other growth criteria based on
other foundations;
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— globalization of scientific research and the attractiveness of relationships
within the economy;

—ambivalent national relationships between industrial innovation and
“academic” research, between conceptual training and practice;

— other strong trends: access to energy, water, food, global warming, demand for
a better and healthy life, material well-being, exhaustion of reserves, ethics, powers
delegated to companies and financing, shorter and shorter timeframes, weakness of
policies, etc.

Research and socioeconomic relationships

In this report, the standpoints of representatives of the French industry allowed
situational relationships between the socioeconomic actors and those in research to
be analyzed and possible evolutions of the social system linked to heavy trends to be
brought up (particularly energy, as the French have been exceeding the limit of
rewewal that the planet can allow thanks to solar energy since 1976, as is happening
in most developed countries).

Thus, three axes were brought up:

—the financial framework of companies implies more and more flexibility in
production processes and the rapid use of incremental innovations, which is opposed
to significant investment on their part in the long term (if only associated with the
increasing higher cost of R&D): this constraint imposes a complex (but lucrative)
approach like research of scientific “nuggets” (thus relevant to the notion of
excellence or reference in a given domain);

—for some, the industrial world has abandoned too many of its own
responsibilities in terms of research. The investments from the public sector are
strengths with an assumption that the private sector will profit. In the perspective of
productive development, this is a shortsighted policy because it risks hampering the
possibility of radically innovative useful discoveries in the medium term. This
conception risks trapping scientific knowledge in an instrumental subordinate role to
the detriment of its intellectual and cultural values. Moreover, we can ask the
question of knowing if the private sector gives the public sector the benefits that it
reaps from the relationship it creates with academic laboratories;

— on a more social register, an “economy of contribution” is starting to emerge in
which everyone becomes both a producer and a consumer — and in the end neither of
the two. Reciprocal exchanges, gratuitous as they are of service, are generalized,
sometimes by the bias of local currencies and in other places, of different forms of
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mutualization of consumption or investment (see maker movement). The third sector
is assuming growing importance through cooperative systems or solidarity
financing. Imperceptibly, it is actually a completely other social operation that is
being put in place under the influence of the context and new communication
technologies.

In these descriptions summarized above, there are also aspects of ambivalence
between continuity and breakthroughs, between centralization and local action,
between industrial production and a certain emerging revisit to craftsman forms. It is
diversity that is being built which may need to be analyzed more closely in its
dynamics, at the same time as that of the phenomena linked to opposition between
democracies and certain forms of integrism.

Extreme scenarios

In the prospective process, it is indeed a matter of objectifying an idea that is in
(partial) rupture with what is acquired to introduce new dimensions, and that must
bring new, unexpected effects. It is on this basis that innovations emerge,
innovations that, in our context, induce a cycle that cannot be easily broken.
According to Van Der Leeuw [VAN 94], this leads “to a loss of control that Man
had in his relationship with his environment. The more Man transforms his
surroundings, the less he understands its consequences”. In an attempt to reduce this
effect, Wismann [WIS 04] recalls that “interrogation raises consequences of the
action towards its premises, lending value to the need to be ensured, even on the
normative plan, of the soundness of the affirmations that it comes from”. One of the
obstacles for the scientist in this approach is that he/she is often concerned with
his/her goal to gain in-depth but rather monodisciplinary knowledge and through
his/her lacking consideration of non-technical recommendations not subject to
“measurable” aspects relative to expected gains [BIE 06]. It is thus a matter of
breaking away from the principle that the future will not exactly be the image of the
present (prevision of the identical proposed by Bronner [BOR 03], with
breakthroughs, see for example NIC [NIC 17], Viossat [VIO 16], Du Granut
[DU 16], Portnoff [POR 16], EU [EU 17]). Yet, De Gaulejac, Bonetti and Fraisse
[DE 95] recall, “in the public domain, the dynamics of supply and demand are often
inversed: it is supply that structures demand to the extent that suppliers seek to bring
out a dynamic of demand... [...] The problem is all the more complex as:

— “the absence of demand does not mean that there is no need;
— “the presence of a supply does not mean that it corresponds to a need;

— “the inadequacy between supply and demand is not sanctioned by the market”.
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In any case, it is a matter of defining paths of progress by considering what is
possible and of excellence on pre-chosen matters limiting risk-taking by half. On the
basis of these works, it is possible to be a significant element of dynamic science by
aiding the state in decision-making. “The Man who thinks cannot be content with
enlightening leaders; he must also convince them that the best ideas are not those
that are given, but those that are brought about: appropriation is indispensable to
move from anticipation to action. [...] It is necessary to know how to integrate
reason and passion to succeed in the action” [GOD Ola]. It is then not impossible to
approach the prospective through a possible form of manipulation!

Scenarios

Today, the absence of effectively driven technical choices is noticed with the
difficulties for the politician to pose conditions of a sustainable dialog on the options
(see failure of the debates on nanotechnologies, on the nuclear industry, on synthesis
biology, etc., but social agreement for renewable energies) and the “bitter”
polarization of some decision-makers who know how to make themselves
understood. It is more and more the market’s activity (encounter between the
solvable needs of consumers and the supplying capacities of producers) to guide
economic change and make society evolve. Politicians find themselves in an
uncomfortable situation of adapting public policies to the socioeconomic reality,
which is much more globalized, essentially targeting employment and GDP
[ACC 17].

Faced with this notion, several options present themselves to us today:
continuing to count on the technosciences to maintain (a minima) well-being, even
to enhance human performances, continuing to consume, or thinking of human
progress as a work on oneself (humanist, even spiritual option) with a change in the
social context (downturn). Extreme, more or less democratic scenarios are presented
below:

Scenario 1, “inertia”

In the end, it is a matter of being included in the continuity, in “Business As
Usual”. Problems with reserves, that of access to energy and water, etc. lead to the
evolution of the economic system towards an overly “cosmetic” mobilization of
citizens and companies: circular economy, recycling, renewable energies, but
ongoing maintenance of the demand for an enhanced quality of life, all this while
trying to do more by spending less, following the example of smart mobility, energy
efficiency in buildings, etc. However, these strategies of incremental technological
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adaptations will only have limited effects in the future for human society in the long-
term for different reasons: impossibility of managing both the increase in the human
population and the development of technological progress, with aspects to be
mastered: food and water resources, energy, integrisms, precarity and urban
chaos, etc.

Scenario 2, “isolated society”

“We will witness an increase in tensions between nations and within countries,
with the increase of interdependencies without symmetric progress of regulation
instances and processes on a planetary scale” [DE 17]. The inability to deal with
interfaces between populations, cultures, ways of life and standards of living in a
democratic and peaceful way can be translated by development of the exclusion of
those lacking links with the dominant power. Beyond losses of freedom for all
citizens, demands for the development of sophisticated means of control,
surveillance, protection and defense of citizens will be posed in connection to the
dominant power from an economic and political standpoint. ‘“Protectionism has
spread across the globe and walls are being rasied on every state border. Global
commerce is facing a net reduction and economic growth is low” [NIC 17]. The city
is becoming the space in which most citizens are meant to live, the problem of food,
energy and material good autonomy will need to be dealt with as such, with the
difficulties linked to certain forms of segregation. The target would then move from
the search for well-being as is taking place more or less today to other forms
targeting the survival of the “fittest” with support for ethically arguable operations
(enhanced man, for example, synthetic biology, RFID microchips, etc.) made
inevitable by premises of civil conflicts.

Scenario 3, “sober society”

“Sustainable development is that which responds to the needs of the present
without compromising the ability of future generations to satisfy theirs”... Perhaps it
will be necessary to expect a generational change to achieve (possibly) “greener”
consumerism, observing its limitations with citizen initiatives and anti-globalist
movements. Will simplicity be considered a need or controlled choice with a social
or integrist vision of energy, climate transition and local experiments”?

Challenging classical models of development attempts to reposition humanity at
the center of every policy instead of a statistical entity defined by an economic
GDP/inhabitant ratio. Development will henceforth be revendicated as a successful
articulation of the global and local, whose success depends, among other conditions,
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on support with cultural dynamics and local economic and social organizations (with
questioning of the risks to which the most promising technologies today like gene
therapies or, in another field, nanotechnologies could expose us tomorrow).

This possible transition concerning the uses and real frugality could lead to
another relationship with technological objects, but should be part of the rediscovery
of proximity and coexistence with a reconquest of public spaces and quality of urban
services. A certain relocalization of (more artisanal?) productions and new economic
models like the food-producing city, the transition towards “the age of knowledge”
and the economy of the link, etc. would then be expected.

““

Scenario 4, “integrist ecologist’ society”

This is an ecologist philosophy that is characterized by its defense of the intrinsic
value of living beings, i.e. a value independent of their utility for humans. While
classical ecology poses the satisfaction of human needs as an end
(anthropocentrism) and attributes the status of “resources” to all other living things,
in-depth ecology brings human ends back into a broader perspective, that of the
living (bio-centrism) in order to consider the needs of the whole biosphere, notably
species with which the human line has co-evolved for millions of years. Ecology
does not escape partisan thinking (certain schools of ecological thought sink into
ideology, that is, into forms of fascistic dogmatism at the level of the planet by
basing themselves, particularly with arguments, on the finiteness of resources, the
calamitous management of natural resources, and our lack of respect for the
environment). In the name of “anti-productivism”, there is a distrust of all forms of
technical progress, contributing to a new point of view that, in order to preserve the
planet, wants to return to possible medieval lifestyles.

Note: blockage factors; probable scenario(s)

In a society that has seen the benefits of technological adventure for more than a
century with a headlong rush to provide new consumer goods, ever more numerous,
and benefits of habits associated with technology, forms of independence and
individual freedom, the changes to be proposed would be based on strong
constraints, even radical breakthroughs. These are changes that would be accepted
not only by French citizens, but more broadly by the planet, that the different powers
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in place may not be interested in supporting and even less in promoting (democratic
aspects, choices of society, social stability, decentralization of decisions, etc.).
Among the blockage factors, let us mention the following:

—the French citizen’s desire to continue being a consumer with an attraction
maintained by new technologies;

— the difficulty escaping a culture of multisecular technical progress against a
transition led to grapple with possible abusive simplifications and failures; the
publication of a robust and credible critique of technology is a matter of civic
courage;

— the relationship between (centralized) employment and the maintenance of its
purchasing power;

— pollution among others and NIMBY (“Not In My Back Yard”);

— the uncertainties and controversies that make decisions, whatever they may be,
difficult to make. This is a general problem of legibility added to a lack or
complexity of available information;

— confusion on timeframes that expels a priori a whole set of possibilities,
largely determining the margins of available moves;

—an insufficient perception of the benefits (?) linked to “post-coal” policies
whether they are local or collective, in terms of jobs, economy, attractiveness,
innovation, risk management or reducing the oil bill. These benefits are still too
vaguely measured, when they are measured at all; whereas the potential costs and
risks are made more explicit by existing actors (e.g. automobile jobs today);

—an overly great “closing in” of climate and energy questions in technical and
sectoral debates, with the consequences of reduced citizen involvement, but
particularly an overly strong cut-off between technical and social innovation, at the
expense of the latter (whereas they are often questions essential to daily life);

— the lack of adaptation of local governance structures to question that involve
strong coordination at the scale of population catchment areas, leadership problems,
mutualization of means, articulation of sectoral actions (property, infrastructure,
etc.), and intercommunal cohesion;

— the difficulty of defining transition paths that would not affect social groups
that are already the most precarious and vulnerable. In other words, it would be a
matter of moving towards simplicity not applied to those who are already the most
constrained.
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On these bases, even if this is a vision of a “sustainable” world that is drawn in
the scenario of a “sober society”, it is not certain that it will be explored as long as
dramatic situations inducing major tensions and obligations to act do not appear. In
the first two scenarios (1 and 2), technology and the sciences that compete for its
development will obviously maintain an eminent role. Furthermore, could it possibly
be too late, even if we could change something in the culture of citizens and their
way of consuming? However...

Questions asked for additive manufacturing

Managing research, operation on projects, overly centralized evaluation of
scientific productions, weak management of interdisciplinary projects, the position
of academic research vis-a-vis companies, the aptitude to improvable responsibility
and ethical notion, etc. are questions asked in these three volumes, at the same time
that the notion of innovation, a key element in the development of promising
emerging technology was tackled.

“By encouraging the emergence of these new modes, digital technologies then
no longer constitute only a new brick allowing us to move further in matters of task
automation and production process optimization: they radically challenge the
operation and organization of certain sectors and branches and allow the emergence
of new ones, which raises regulation stakes” [DGE 16].

Reminders on creative innovation

If the true markets of industrial enterprises are globalized in all domains,
including that of 3D printing, there is no longer real training needed in terms of
employment because services do not fill this void. Then, how should we act so as
to make different logics agree and work in national innovation, i.e. the
entrepreneurial marketing logic, scientific and technological logic, the relationship
with knowledge and the citizen logic of the democratic process, so as to achieve
innovation where the different levels enrich one another? It may be a matter of
immersive innovation, with the expertise to ask the right questions, very quickly
produce prototypes and multiply tests (the precise contribution of additive
manufacturing). Yet, these good practices (immersion, questioning, creativity,
prototypes, tests) that contemporary innovators use regularly are pillars of “design
thinking” and are not practiced often enough in France [OJA 16]. This method,
which is settling down in Europe today, can provide the ideal catalyst for all
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contributors of projects involved in 3D printing determined to move the lines in
his/her scientific activity open to society. Seven keys open the doors of this
“responsible innovation” targeting the realization of original demonstrators, which
are as follows:

1) Serendipity: the most promising advances are connected to marginal
behaviors and the creative exploitation of the unexpected, behaviors linked to this
research or technological invention. A certain disinterest for creative original talent
is a risk for leaving companies and academic research with no solutions for a new
competitive technology with social utilities like 3D, 4D, bio-, etc. printing
technologies. It is still necessary to know how to find this catalyst. Conservatism
today privileges a uniform approach and represents a waste of alterity and diversity.
Creative innovation has trouble making its way (see [SNR 15]).

2) Disorder, imagination: innovation is born from disorder. The excessive
incremental planning of R&D (research and development) passes by opportunities to
create. The rigidity of financing research methods and R&D too often prevents
reinvention, the proposal of visions, risk-taking, choosing original and astute
personnel for research, the perception of possible games/stakes of getting involved
(for a time) in interdisciplinary projects, etc. In our Western societies and
particularly in France, we avoid taking risks as much as possible.

3) Cartography: the cartographic method allows a set of experiences to be
brought together on a single plane of existence and new paths to be discovered
among ideas that, for some, had not been connected until then. This is a precious
tool for innovating in the complex society that we know manages a multitude of
standpoints.

4) Weak signals, prospective vision and scientific monitoring: the prospective
vision of weak signals calls our attention to partial information, fragmentary indices
or early warning signs. It is a matter of reimagining the future outside marked paths;
in other words, of developing a “vision”, certainly a risky one (and that is always
difficult to support).

5) The deliberate management of uncertainty: the unstable environment of the
economy requires a system of innovation that is not only built on the known proven
solutions or opportunists, but a more flexible and adaptive system, capable of facing
uncertainty, of deciding in the presence of risks, and of turbulence (see scenario
“isolated society”).
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6) Cooperation and learning organizations: ‘“Living-Labs”, FabLabs are
innovation devices that are currently seeing clear success. They are devices both of
open innovation (they are multi-partner) and ascending innovation. Thanks to these
open devices, they can constitute a performing means to coproduce new solutions.

7) The long-term: It is often utilitarian or economic reasons that justify the need
for research (see [SNR 15]). There cannot be research that some call “applied”
without fundamental research, without going more in-depth. Innovation, linked to
goal-oriented basic research, is thus a long-term affair and normally depends on the
scenario or choices made. In some countries like France, it remains too much the
victim of the ideology of the result that stops it from freely producing often-
unsuspected effects (see [SNR 15] with a strong display of support for incremental
innovation).

In today’s competitive economy, it is important to undertake “risky”
investments, allowing long-term reductions of timeframes between conception and
production on fast-growing subjects like those mentioned in these three volumes.
The new order of things is perhaps to integrate aspects linked to the limits of
reserves and energy austerity. Whatever scenario takes place, there is no place to
systematically oppose support for the search to satisfy disposable caprices, the fear
of others and the protection of one’s own life and goods and the major decrease in
“simple society”. It is a question of better considering the strong trends in 3D
printing research processes, if only to anticipate an inexorable future. In the future, it
would also be necessary to base ourselves on the ability of systems to evolve so as to
maintain their operations in a world that will be more and more disturbed
(complexity, resilience, degraded modes of operation).

Yet, in the research laboratory, whoever does not contribute directly to
performance (defined by the only quantifiable production) through measurable time
implication in the process of scientific innovation risks finding himself/herself
rejected by the work-collective research unit. Moreover, the time characterizing the
dynamics of scientific and technological changes will become the new norm,
excluding from the race the performance of competitors that are slower to react, at
least for a while. In this sense, a reductive global process targeting evaluation is
contagious, affecting those who, internally, only imperfectly participate and are
potentially considered individually inept, and/or externally, all those who did not
consider the necessary anticipation early enough. Those defeated by the ordeals of
quantitative performance must attribute their failures to themselves and nothing else.
In other words, the more the conditions of performance reign, the more complex the
participation in the research collective and thus the very standing of the
research unit. This reduction is translated by forms of collective ineptitude affecting
the research personnel involved more and more in individualism and disciplinary
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“silo” operation (because it is evaluated by peers according to known methods).
These different reduction processes can destroy, if care is not taken, the notion
of knowledge’s incommensurability to achieve the implementation of cold
quantification common to the research system, reaching bases of irrefutability
because they are impartial.

These inertial characteristics are certainly one of the concerning factors in some
research activities functioning too much within “disciplinary silos” and recognized
themes. Arguments on potential risks, unanalyzed or unperceived by researchers
involved in a new action, can naturally encourage the positions of rejecting scientific
and technological breakthroughs that can only be risky. How to extract those who
will take the initial risks allowing the elaboration of new associations that are
difficult to imitate in the eyes of competitors from the work collective? How to
support these non-conformist factors of scientific innovation to involve the unit in
the new and excellent? How can a capital event take into consideration the
originality, creativity and ability to found a school of thought (at least for a time)?

In a general way, innovators and the creatives only show themselves in situations
where uncertainty is sufficient to exercise scientific and/or technical competence
that is not “regulated” with them (this is possible in academic research). But to be
the object of an active appropriation, these spaces of intellectual play imply being
inhabited by actors with a level of scientific and/or technical competence that is
greater and/or different from that for which they were “placed” in this position.
Furthermore, beyond the original idea, will there be the necessary funding (and
particularly men/women) to take the risk of a new approach that may, moreover, be
interdisciplinary? Without this uncertainty the normal situation in research cannot be
transformed into a creative space. These aspects that cannot flout more contractual
methods of financing may limit creativity through ill-adapted frameworks of
financial support and/or the absence of support for risk-taking. Yet, in the long term,
it is indeed on this early risk-taking individual in its birth and then more collectively
in a research team that the research unit’s pertinence will be judged. This statement
means that the organization of the laboratory must have reflexive and solidary
partners who anticipate change, who are not only involved in the ‘“values of
protection” (satisfying passive precepts of quantitative evaluation, for example) and
in hierarchical logics of an old regime and ordinary careers.

Furthermore, in order to explore the complexity inherent in new 3D processes,
interdisciplinarity is a process in which an ability to analyze and synthesize is
developed from perspectives from several disciplines. Its goal is to solve an issue in
its whole (principle of integration) by identifying and integrating all of the
relationships between the different elements involved. It attempts to synthesize and
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connect disciplinary knowledge and place it back into a broader systemic
framework. The governance of such an operation has very significant power from a
standpoint of optimizing staff and means with an end in sight on subjects like 4D
printing and bio-printing. It would be best to reflect on the support of
interdisciplinarity, with thinking globally, collective intelligence, encouraging
convergences, and getting involved in exemplary creations/actions on the systemic
approach with a view to create new processes (scientific and/or technological).
Interdisciplinarity must be the creator of values. For this, it is necessary to be
familiar with the whole value change and think of new structures. It is necessary to
be able to break existing structures, especially those that are inhibiting. There are not
enough experiments allowing interdisciplinarity to be confronted in order to develop
openness, curiosity, welcoming, and finally, a habit of interdisciplinarity.

Implementing norms, references or indicators corresponds to representations of
an organized system, relatively long-lasting, of material production or not, more or
less standardized (with the classical risk of reductive simplification not allowing
interdependencies and distributive effects of scientific activities to be taken into
consideration: employment, balance of payments, standing and attractiveness, etc.).
This situation may mean that in France, and more broadly in the developed West,
there is a dominant form of “legitimate” thought that could have a tendency to
impose itself as a revealed and uncontestable truth. There is then a risk of confining
the interrogations and scrupules of on-site actors who could find themselves rejected
because they are considered more or less heretical. On these modeling bases,
necessarily reductive, the management criteria are always simpler than the system
itself in its complexity, particularly if a man/woman is associated to it (and how, in
scientific research, can we do otherwise?), and the unsteadiness linked to new
scientific evolutions, to a competitive world that is more open than before. For
additive manufacturing, the difficulty of managing changes in research structures
leads to concerns over growing tension between an adaptation to constraints (in-
depth pertinence, creativity, opposition) and coherence (activities of incremental in-
depth research).

These comments thus imply being able to, with confidence, make flexible
decisions of targets, organization, time mastery, etc. all while escaping the old
“romantic” myth of the solitary creator. If it is the job of public and private research
structures to know how to detect talent (what talent?), it is important for the activity
to not be translated by a formatting factor of ensured production and quality, but to
conform. “The true birthplace is that where one first took an intelligent look at
oneself” [YOU 77]. Let us then try to reach this. It is indeed a matter of reflecting
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on how to organize divergent thought, openness, even a certain scientific nomadism
to value skills and make society profit from them in its dynamics and technological
legitimacy. Will we then know how to reach a certain coherence of scientific and/or
technological innovation by:

— considering the socio-cultural universe that it covers?

—respecting the heterogeneity, even the disjunction, of the knowledge
assembled, inaccessible to the disciplines alone?

— the heterogeneity of the concerned audiences?

— reinforcing the desire to create and undertake together?

The worksite is certainly important, but it rather concerns organizational and
responsibility aspects (at every level). The comments presented above force us to
find places where the social links weave together other than through the simple
juxtaposition of opportunities or simple mechanical operations. If there must be a
cultural breakthrough, it must be the object of an in-depth reflection. Indeed, it is
necessary to rediscover Norbert Wiener’s reasoning, “that of the engineer whose
look does not stop at material facts, but spreads to human facts”.

It is thus a question of desire.

Scenarios—additive manufacturing relationships

If we pay no heed to these considerations by posing the hypothesis that we will
know how to escape this situation limiting creativity in the broad sense, and that this
is necessary for the development of additive manufacturing processes relative to the
subject, this section examines the foreseeable evolutions of additive manufacturing
in light of the four scenarios presented. First of all, within the current paradigm,
Table 1 gathers the author’s vision as it was presented in these three volumes.

If additive manufacturing is often presented as likely to radically transform the
way in which objects are conceived and created and the organization of the
productive system, its large-scale spread still remains largely dependent on a
significant number of technical advances whose speed is difficult to anticipate. “At
this time, machines and processes do not allow us to respond to all of the constraints
of industrial production, and progress should notably be made to accelerate the
rhythm of production” [COE 17].
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“Classical” 3D printing

4D printing; programmable matter;
Bio-Printing (BP)

Current market

5-10 billion €/year

Less than 1 billion €/year (cosmetics,
toxicology)

Market possible | 20-40 billion €/year (growth In case of effective success of BP >
in 10 years rate > 20%/year) 1000 billion €/year
(risk-taking to be overcome)

Innovation Process engineering See “Classical” 3D printing + Biology

Material sciences (and +

interactions with processes) Truly interdisciplinary actions

Software

Hygiene, safety, and

environment

Human and social sciences:

organization, social perception,

economy, etc.
Creativity New processes (i.e. elimination | Creativity and systemic approach

of layers, etc.)

training

Exploration of complexity;
epistemology; new “smart” materials;
etc.

Comments on
desired EU
support

Modest because most processes
stem from companies outside
the EU, except on the
exploration of application
niches and creativity (taking
back the industrial future in the
EU)

Involvement in risky projects to
rediscover a pioneering spirit linked to
a considerable economic market
Changes in ways of thinking and acting
and better relationships between
training and creative research

Escaping herd mentality: fewer than
2000 scientific publications in the
world with less than 1-2% coming from
EU countries...

Need for real European integration on
an original theme with social interest

Table 1. “Roadmap” proposed to the EU to avoid being
a “shining second” in additive manufacturing.

This synthesis [AND 17] attempts to show the need for the European Union to be
able to take back over in fields that have escaped it notably in emerging areas
[PRE 14]. It will be understood that this comes from the author’s limited power as a
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simple citizen, but it seems essential to him to continue supporting a branch that he
saw the birth of and for which he maintains a strong interest. In particular, to ensure an
ability to innovate on the national and/or European level and to facilitate the adoption
of new uses, governments must adopt mechanisms for responding to disruption. “The
goal is to give visibility to entrepreneurs, to on-site actors, and to citizens by bringing a
pro-innovation policy to every level of decision on public action” [CHA 17].

Independent of these conclusive comments linked to a continuity of the global
socio-economic schema, Table 2 is concerned with the evolutions foreseen for
additive manufacturing within each scenario that could take place in the near future.

Field Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4

3D printing

Innovation (new processes, creation
time, variable-size voxels, creation
without layers, multi-materials, etc.)

Materials

Recycling

Energy savings

Application niches

Mechanics (metal, ceramics, multi-
materials)

Repair

Space

Military and confined systems

Robotics

Nano- and micro-applications

Electronics
3D medical

Breakthroughs in additive
manufacturing

4D printing and programmable matter

Bio-printing

Table 2. Developing fields in additive manufacturing according
to the scenario (from light: insignificant to dark: significant)
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Obviously, scenario 1, to pursue a consumer society, supports the pursuit of
developing the emergence of additive manufacturing (which is only the beginning in
terms of revenue, whether we speak of “classical” 3D manufacturing or foreseen
breakthroughs). This situation is certainly less clear for other scenarios, but it
remains quite positive, even for the least favorable scenario. Indeed, by bringing
localized production means, smart methods of repair, methods of maintaining health
with fewer exogenous substances, etc., there is room for a whole set of processes
that can continue to help humans in their everyday lives. However, the framework of
technologies may be different even if the methodological bases remain more or less
the same.

The field of 3D printing can, whatever the scenario may be, fall into the same
traps of promising hazardous solutions being instrumentalized to justify all sorts of
political decisions, or on the contrary to establish major results independent of the
public powers. Nothing too surprising. The same fate is reserved for the results of
other scientific disciplines that oscillate between promises and letdowns in a
strongly growing universe.

In 1959, on the occasion of the annual gathering of the American Society of
Physics, Richard Feynman wrote the following famous words: “There’s plenty of
room at the bottom” (i.e. towards atomic manipulations). We could surely
paraphrase this as “There’s plenty of room in 3D printing”.

“The future does not bring us anything, does not give us anything; it is
we who, in order to build it, must give it everything, give it our life
itself. But to give, it is necessary to own, and we own no other life, no
other lifeblood, than the treasures inherited from the past and
directed, assimilated, recreated by us. Of all the needs of the human
soul, there is none more vital than the past.” [WEI 90]

“Another major factor is that, for years, organizational management
has been developing methods for increasing productivity and
minimizing risks and errors that tend to stifle creative
experimentation. The predominant approach to management that
evolved during the industrial era, known as scientific management,
broke jobs down into specific, sequential tasks, which could be
allocated appropriate times for completion in order to optimize
efficiency.” [SIM 11]
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“Technology can allow survival through the sophistication of models
or systems that are not optimal. In other words, it could prevent latent
epistemological revolutions in the future. I will call this vice of the

technician vision of the world, ‘Ptolemy’s computer syndrome’.
[MAL 11]

Bibliography

[ACC 17] ACCENTURE, “Accenture technology vision 2017 forecasts a future of technology
for people, by people”, available at: https://newsroom.accenture.com/news/accenture-
technology-vision-2017-forecasts-a-future-of-technology-for-people-by-people.htm, 2017.

[AND 15] ANDRE J.C., DOMBRE E., AMRA C. et al., Quelles ruptures pour INSIS-CNRS? Des
propositions de la cellule prospective de I’ Institut, Internal report, p. 35, Paris, 2015.

[AND 17] ANDRE J.C., Some comments after the meeting held in Brussels, workshop-tackling
the skills gap in additive manufacturing, Brussels, Belgium, 13 March 2017.

[BAR 00] BARBIERI-MASINI, Penser le futur, Dunod, Paris, 2000.

[BIE 06] BIEDER C., Les facteurs humains dans la gestion des risques, Hermes-Lavoisier,
Paris, 2006.

[BLU 99] BLUMENBERG H., La légitimité des temps modernes, Gallimard, Paris, 1999.
[BRO 03] BRONNER G., L’empire des croyances, PUF, Paris, 2003.

[CHA 17] CHARRIE J., JANIN L., “Répondre a I’innovation disruptive”, available at: http://
www.strategie.gouv.fr/sites/strategie.gouv.fr/files/atoms/files/2017-2027-actions-critiques-
innovation-disruptive-ok.pdf, 2017.

[COE 17] COE (CONSEIL D’ ORIENTATION POUR L’EMPLOI), “Automatisation, numérisation et
emploi — Tome 1 — Les impacts sur le volume, la structure et la localisation de 1’emploi”,
available at: http://www.coe.gouv.fr/IMG/pdf/COE_170110_Rapport_Automatisation_
numerisation_et_emploi_Tome_1.pdf, 2017.

[DE 95] DE GAULEJAC V., BONETTI M., FRAISSE J., L’ingénierie sociale, Syros, Paris, 1995.

[DE 05] DE RIEDMATTEN E., XXle siécle: les innovations qui vont changer notre vie,
L’ Archipel, Paris, 2005.

[DE 17] DE JOUVENEL H., “Penser I’impensable”, available at: https://www.lesechos.fr/idees-
debats/sciences-prospective/0211875118553-penser-limpensable-2072073.php, 2017.

[DGE 16] DGE (DIRECTION GENERALE DES ENTREPRISES), ‘“Technologies Clés 2020, Préparer
I’industrie du futur”, available at: http://www.entreprises.gouv.fr/politique-et-enjeux/
technologies-cles-2020, 2016.


http://www.coe.gouv.fr/IMG/pdf/COE_170110_Rapport_Automatisation_numerisation_et_emploi_Tome_1.pdf
http://www.coe.gouv.fr/IMG/pdf/COE_170110_Rapport_Automatisation_numerisation_et_emploi_Tome_1.pdf
http://www.entreprises.gouv.fr/politique-et-enjeux/technologies-cles-2020
http://www.entreprises.gouv.fr/politique-et-enjeux/technologies-cles-2020

Postface 417

[DU 16] Du GraNuT C., “La croissance économique en voie de disparition”, Futuribles,
vol. 415, pp. 39-50, 2016.

[ELG 66] ELGOzY G., Le paradoxe des technocrates, Denoél, Paris, 1966.

[EU 17] EU, “Livre blanc sur I’avenir de I’Europe: cinq scénarios”, available at: https://
ec.europa.eu/commission/white-paper-future-europe-five-scenarios_fr, 2017.

[FEY 60] FEYNMAN R., “There’s plenty of room at the bottom”, Caltech Engineering
and Science, vol. 23, pp. 22-36, 1960.

[GID 72] GIDE A., Les faux monnayeurs, Poche, Paris, 1972.

[GOD 01a] GODET M., “De la rigueur pour une indiscipline intellectuelle”, in LESOURNE J.,
STOFAES S. (eds), Prospective stratégique d’entreprise, Dunod, Paris, 2001.

[GOD 01b] GODET M. cited by COHENDET P., “Décision, prospective et auto-organisation”,
Futuribles, vol. 263, pp. 29-35, 2001.

[KUN 86] KUNDERA M., L’art du roman, Gallimard, Paris, 1986.

[LE 97] LE BRETON D., “Jeux symboliques avec la mort”, Religiologiques, vol. 16, pp. 55-65,
1997.

[LEW 16] LEwis C., Too Fast to Think: How to Reclaim Your Creativity in a Hyper-
connected Work Culture, Kogan Page, Paris, 2016.

[MAL 11] MALRIEU J.P., La science gouvernée, Rue des gestes, Toulouse, 2011.

[MIC 09] MICHEAU Y., Les habits neufs du mérite, Bourin, Paris, 2009.

[NIC 17] NIC (National Intelligence Council), “Global trends — paradox of progress”, available
at: https://www.dni.gov/files/images/global Trends/documents/GT-Full-Report.pdf, 2017.

[OJA 16] OiasALO J., KAUPPINEN H., “Collaborative innovation with external actors: an
empirical study on open innovation platforms in smart cities”, Technology Innovation
Management Review, vol. 6, no. 12, pp. 49-60, 2016.

[PAU 72] PAUWELS L., BERGIER J., Le matin des magiciens, Folio, Paris, 1972.

[POR 16] PORTNOFF A.Y ., “Sept défis pour les entreprises et le travail”, Futuribles, vol. 415,
pp. 51-76, 2016.

[PRE 14] PreTZ K., “Ten technologies that could change the world by 2022, available at:
http://theinstitute.ieee.org/ieee-roundup/members/achievements/10-technologies-that-
could-change-the-world-by-2022, 2014.

[PRI 90] PRIGOGINE 1., Loi, histoire et désertion; la querelle du déterminisme, Collection le
débat, Gallimard, Paris, 1990.

[RIC 04] RICEUR P., Parcours de la reconnaissance, Stock, Paris, 2004.



418 From Additive Manufacturing to 3D/4D Printing 3

[SIM 11] SmMs P., How Breakthrough Ideas Emerge from Small Discoveries, Business Book,
London, 2011.

[SNR 15] SNR, “Stratégie Nationale de Recherche”, available at: http://www.gouvernement.fr/
sites/default/files/contenu/piece-jointe/2015/1 1/rapport_strategie_nationale_de_recherche_snr.
pdf, 2015.

[VAN 94] VAN DER LEEUW J., Pour penser la technique, vol. 21, La Découverte, Paris, 1994.

[VIO 16] ViossaT L.C., “La santé a ’horizon 2030-2050”, Futuribles, vol. 415, pp. 93-123,
2016.

[WEI 90] WELL S., L’enracinement, Folio-Essais, Paris, 1990.

[WIS 04] WisMAN H., “Le savant et la Cité — Pour une éthique de 1’expertise scientifique”, Le
Banquet, vol. 19, pp. 1-5, 2004.

[YOU 77] YOURCENAR M., Les mémoires d’Hadrien, Folio, Paris, 1977.

Figure. Poietis’ bio-printing machine (2017)


http://www.gouvernement.fr/sites/default/files/contenu/piece-jointe/2015/11/rapport_strategie_nationale_de_recherche_snr.pdf
http://www.gouvernement.fr/sites/default/files/contenu/piece-jointe/2015/11/rapport_strategie_nationale_de_recherche_snr.pdf
http://www.gouvernement.fr/sites/default/files/contenu/piece-jointe/2015/11/rapport_strategie_nationale_de_recherche_snr.pdf

Index

4D printing, 8, 9, 17, 36, 41, 46-48, 51,
62,95, 142, 281

A, B, C

acceptance, 218, 219, 259, 345

angiogenesis, 112, 113, 119, 122, 195,
202, 364

applications, 142-144, 149

autonomy, 4, 54, 255, 334, 351, 368

basic concept, 9, 359

bio-bots, 144-147

bio-printing technologies, 116, 120, 122,
143, 195, 200, 205, 272, 275, 276

biocompatibility, 134, 198

blockage factors, 405, 406

bone, 86, 112, 129, 134, 141, 149, 176,
179, 180, 182, 185, 187, 195-198, 200,
203, 225, 228, 242-244, 248

cancers, 143

cartilage, 86, 129, 134, 149, 172-187,
196, 197, 242, 338

cell growth, 112, 113, 122, 134, 138,
140-142, 181, 320, 324, 330, 335, 340,
341, 343, 360, 362

cell preparation, 120

chaos, 20, 46, 83, 335, 352, 353

convergence, 61, 94, 217, 219, 252, 279,
280, 283-290, 292, 295-297, 315, 318,
326, 333, 359

complexity, 108, 333, 345

cosmetic, 187, 227, 244

creativity, 10, 16, 170, 253, 263, 276,
294, 369, 374

D,E, G

definition, 23, 48, 85, 173, 204, 239, 259,
266, 270, 282, 288, 297, 338, 352, 355,
357,359, 372,373

differentiation, 18,91, 92, 110, 111, 121,
129, 136, 137, 142, 182, 183, 279, 283,
315, 320, 324, 332, 340, 343, 358, 361,
363, 364, 366-368

disruption, 10

emerging domains, 266, 281

epistemology, 262, 287, 293, 294, 299,
315, 318, 322, 339, 347

ethics, 92, 105, 112, 229, 245, 246, 249,
251, 253, 254-259, 261, 262, 264, 265,
267,274, 276, 315, 335

general remarks, 173, 188, 196

governance, 262, 280, 295

From Additive Manufacturing to 3D/4D Printing 3: Breakthrough Innovations: Programmable
Material, 4D Printing and Bio-printing, First Edition. Jean-Claude André.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.



420 From Additive Manufacturing to 3D/4D Printing 3

H I, L, M

heuristic, 94, 205, 266, 323, 331, 372,
374

Hype cycle, 6, 7, 83

innovation, 4, 7, 10, 11, 61, 92, 143, 148,
240, 248, 263, 266, 267, 273, 275, 2717,
281, 286, 287, 369, 371

integration, 47, 51, 106, 113, 194, 255,
267,274, 291, 320, 334, 338, 357, 374,
377

interdisciplinarity, 61, 62, 82, 94, 273,
287, 288, 291-297, 316, 317, 338, 377

limits, 5, 62, 91, 144, 203, 233, 241, 246,
260, 267, 276, 277, 345, 352, 357

Materials, 133

O,P,R

octobot, 57

process-material couplings, 138

programmable matter, 5, 6, 8, 15, 17, 47,
54, 90, 285

responsibility, 62, 250, 253, 258, 260,
261, 264, 265, 276, 279, 298, 321

robustness, 93, 185, 205, 250, 253, 294,
338, 343, 351, 372

S, T

scaffolds, 96, 113, 125, 129, 140, 149,
270

scenarios, 326

self-organization, 4, 5, 16-18, 21, 22, 24,
53, 250, 283, 331, 351, 355, 357, 360,
366, 368, 373

simulation, 149, 236, 294, 322, 364, 365

skin, 59, 83, 88, 92, 110, 120, 121, 129,
131, 135, 140, 147, 150, 172, 185, 187,
188, 190-196, 225, 242, 243, 248, 319

survey, 218-222, 232, 234-236, 238-240,
246, 271

swimming robots, 38, 41-43, 61

systematic, 120, 124, 221, 256, 269, 283,
325,331, 334, 343, 348, 351, 354-356

tissue complexity, 108, 117



Other titles from
SSlie=
n

Systems and Industrial Engineering — Robotics

2017

ANDRE Jean-Claude

From Additive Manufacturing to 3D/4D Printing 1: From Concepts to
Achievements

From Additive Manufacturing to 3D/4D Printing 2: Current Techniques,
Improvements and their Limitations

ARCHIMEDE Bernard, VALLESPIR Bruno
Enterprise Interoperability: INTEROP-PGSO Vision

CAMMAN Christelle, FIORE Claude, LTVOLSI Laurent, QUERRO Pascal
Supply Chain Management and Business Performance: The VASC Model

FEYEL Philippe
Robust Control, Optimization with Metaheuristics

MARE Jean-Charles
Aerospace Actuators 2: Signal-by-Wire and Power-by-Wire

POPESCU Dumitru, AMIRA Gharbi, STEFANOIU Dan, BORNE Pierre
Process Control Design for Industrial Applications



REVEILLAC Jean-Michel

Modeling and Simulation of Logistics Flows 1: Theory and Fundamentals
Modeling and Simulation of Logistics Flows 2: Dashboards, Traffic
Planning and Management

Modeling and Simulation of Logistics Flows 3: Discrete and Continuous
Flows in 2D/3D

2016

ANDRE Michel, SAMARAS Zissis
Energy and Environment
(Research for Innovative Transports Set - Volume 1)

AUBRY Jean-Francgois, BRINZEI Nicolae, MAZOUNI Mohammed-Habib
Systems Dependability Assessment: Benefits of Petri Net Models (Systems
Dependability Assessment Set - Volume 1)

BLANQUART Corinne, CLAUSEN Uwe, JACOB Bernard
Towards Innovative Freight and Logistics (Research for Innovative
Transports Set - Volume 2)

COHEN Simon, YANNIS George
Traffic Management (Research for Innovative Transports Set - Volume 3)

MARE Jean-Charles
Aerospace Actuators 1: Needs, Reliability and Hydraulic Power Solutions

REZzG Nidhal, HAJEJ Zied, BOSCHIAN-CAMPANER Valerio
Production and Maintenance Optimization Problems: Logistic Constraints
and Leasing Warranty Services

TORRENTI Jean-Michel, LA TORRE Francesca

Materials and Infrastructures 1 (Research for Innovative Transports Set -
Volume 5A4)

Materials and Infrastructures 2 (Research for Innovative Transports Set -
Volume 5B)

WEBER Philippe, SIMON Christophe
Benefits of Bayesian Network Models
(Systems Dependability Assessment Set — Volume 2)



Y ANNIS George, COHEN Simon
Traffic Safety (Research for Innovative Transports Set - Volume 4)

2015

AUBRY Jean-Francgois, BRINZEI Nicolae
Systems Dependability Assessment: Modeling with Graphs and Finite State
Automata

BOULANGER Jean-Louis
CENELEC 50128 and IEC 62279 Standards

BRIFFAUT Jean-Pierre
E-Enabled Operations Management

MISSIKOFF Michele, CANDUCCI Massimo, MAIDEN Neil
Enterprise Innovation

2014

CHETTO Maryline

Real-time Systems Scheduling
Volume 1 — Fundamentals
Volume 2 — Focuses

DAVIM J. Paulo
Machinability of Advanced Materials

ESTAMPE Dominique
Supply Chain Performance and Evaluation Models

FAVRE Bernard
Introduction to Sustainable Transports

GAUTHIER Michaél, ANDREFF Nicolas, DOMBRE Etienne
Intracorporeal Robotics: From Milliscale to Nanoscale

MICOUIN Patrice
Model Based Systems Engineering: Fundamentals and Methods



MILLOT Patrick

Designing Human-Machine Cooperation Systems

NI Zhenjiang, PACORET Céline, BENOSMAN Ryad, REGNIER Stéphane
Haptic Feedback Teleoperation of Optical Tweezers

OUSTALOUP Alain
Diversity and Non-integer Differentiation for System Dynamics

REZG Nidhal, DELLAGI Sofien, KHATAD Abdelhakim
Joint Optimization of Maintenance and Production Policies

STEFANOIU Dan, BORNE Pierre, POPESCU Dumitru, FILIP Florin Gh.,

EL KAMEL Abdelkader

Optimization in Engineering Sciences: Metaheuristics, Stochastic Methods
and Decision Support

2013

ALAZARD Daniel
Reverse Engineering in Control Design

ARIOUI Hichem, NEHAOUA Lamri
Driving Simulation

CHADLI Mohammed, COPPIER Hervé
Command-control for Real-time Systems

DAAFOUZ Jamal, TARBOURIECH Sophie, SIGALOTTI Mario
Hybrid Systems with Constraints

FEYEL Philippe
Loop-shaping Robust Control

FLAUS Jean-Marie
Risk Analysis: Socio-technical and Industrial Systems

FRIBOURG Laurent, SOULAT Romain
Control of Switching Systems by Invariance Analysis: Application to Power
Electronics



GROSSARD Mathieu, REGNIER Stéphane, CHAILLET Nicolas
Flexible Robotics: Applications to Multiscale Manipulations

GRUNN Emmanuel, PHAM Anh Tuan
Modeling of Complex Systems: Application to Aeronautical Dynamics

HABIB Maki K., DAVIM J. Paulo
Interdisciplinary Mechatronics: Engineering Science and Research
Development

HAMMADI Slim, KSOURI Mekki
Multimodal Transport Systems

JARBOUI Bassem, STIARRY Patrick, TEGHEM Jacques
Metaheuristics for Production Scheduling

KIRILLOV Oleg N., PELINOVSKY Dmitry E.
Nonlinear Physical Systems

LE Vu Tuan Hieu, STOICA Cristina, ALAMO Teodoro,
CAMACHO Eduardo F., DUMUR Didier
Zonotopes: From Guaranteed State-estimation to Control

MACHADO Carolina, DAVIM J. Paulo
Management and Engineering Innovation

MORANA Joélle
Sustainable Supply Chain Management

SANDOU Guillaume
Metaheuristic Optimization for the Design of Automatic Control Laws

STOICAN Florin, OLARU Sorin
Set-theoretic Fault Detection in Multisensor Systems

2012

AIT-KADI Daoud, CHOUINARD Marc, MARCOTTE Suzanne, RIOPEL Diane
Sustainable Reverse Logistics Network: Engineering and Management

BORNE Pierre, POPESCU Dumitru, FILIP Florin G., STEFANOIU Dan
Optimization in Engineering Sciences: Exact Methods



CHADLI Mohammed, BORNE Pierre
Multiple Models Approach in Automation: Takagi-Sugeno Fuzzy Systems

DAvIM J. Paulo
Lasers in Manufacturing

DECLERCK Philippe
Discrete Event Systems in Dioid Algebra and Conventional Algebra

DOUMIATI Moustapha, CHARARA Ali, VICTORINO Alessandro,
LECHNER Daniel

Vehicle Dynamics Estimation using Kalman Filtering: Experimental
Validation

GUERRERO José A, LOZANO Rogelio
Flight Formation Control

HAMMADI Slim, KSOURI Mekki
Advanced Mobility and Transport Engineering

MAILLARD Pierre
Competitive Quality Strategies

MATTA Nada, VANDENBOOMGAERDE Yves, ARLAT Jean
Supervision and Safety of Complex Systems

POLER Raul et al.
Intelligent Non-hierarchical Manufacturing Networks

TROCCAZ Jocelyne
Medical Robotics

YALAOUI Alice, CHEHADE Hicham, YALAOUI Farouk, AMODEO Lionel
Optimization of Logistics

ZELM Martin et al.
Enterprise Interoperability —I-EASA12 Proceedings

2011

CANTOT Pascal, LUZEAUX Dominique
Simulation and Modeling of Systems of Systems



DAVIM J. Paulo
Mechatronics

DAvIM J. Paulo
Wood Machining

GROUS Ammar
Applied Metrology for Manufacturing Engineering

KoLsk1 Christophe
Human—Computer Interactions in Transport

LUZEAUX Dominique, RUAULT Jean-René, WIPPLER Jean-Luc
Complex Systems and Systems of Systems Engineering

ZELM Martin, et al.
Enterprise Interoperability: IWEI2011 Proceedings

2010

BOTTA-GENOULAZ Valérie, CAMPAGNE Jean-Pierre, LLERENA Daniel,
PELLEGRIN Claude
Supply Chain Performance / Collaboration, Alignement and Coordination

BOURLES Henri, GODFREY K.C. Kwan
Linear Systems

BOURRIERES Jean-Paul
Proceedings of CEISIE 09

CHAILLET Nicolas, REGNIER Stéphane
Microrobotics for Micromanipulation

DAvVIM J. Paulo
Sustainable Manufacturing

GIORDANO Max, MATHIEU Luc, VILLENEUVE Francois
Product Life-Cycle Management / Geometric Variations

LozANO Rogelio
Unmanned Aerial Vehicles / Embedded Control



LUZEAUX Dominique, RUAULT Jean-René
Systems of Systems

VILLENEUVE Francois, MATHIEU Luc
Geometric Tolerancing of Products

2009

DIAZ Michel
Petri Nets / Fundamental Models, Verification and Applications

OZEL Tugrul, DAVIM J. Paulo
Intelligent Machining

PITRAT Jacques
Artificial Beings

2008

ARTIGUES Christian, DEMASSEY Sophie, NERON Emmanuel
Resources—Constrained Project Scheduling

BILLAUT Jean-Charles, MOUKRIM Aziz, SANLAVILLE Eric
Flexibility and Robustness in Scheduling

DOCHAIN Denis
Bioprocess Control

LOPEZ Pierre, ROUBELLAT Francois
Production Scheduling

THIERRY Caroline, THOMAS André, BEL Gérard
Supply Chain Simulation and Management

2007

DE LARMINAT Philippe
Analysis and Control of Linear Systems

DOMBRE Etienne, KHALIL Wisama
Robot Manipulators



LAMNABHI Francoise et al.
Taming Heterogeneity and Complexity of Embedded Control

LiMNIOS Nikolaos
Fault Trees

2006

FRENCH COLLEGE OF METROLOGY
Metrology in Industry

NAJIM Kaddour
Control of Continuous Linear Systems






WILEY END USER LICENSE AGREEMENT

Go to www.wiley.com/go/eula to access Wiley’s ebook EULA.






Additive manufacturing is 33 years old and represents a
market of several billion euros per year with annual growth
of between 20 and 30%.

The use of self-assembling materials by means of
“Programmable Material” will make assembly plants
superfluous. Robotics, the heart of the productivity gains of
the 20th Century, could thus be integrated into the products
themselves.

In addition, by introducing a feature into the created object,
4D printing with extraordinary potential for temporally
evolving objects is achieved with a complementary target
that corresponds to 3D printing of tissues and organs.

Progress towards new application niches representing
gigantic markets requires, however, processes based on
other concepts close to those of complexity. Between
extraordinary promises and epistemological questions, this
third volume introduces additive manufacturing into a new
breakaway future provided that a number of conceptual
breakthroughs are made.

Jean-Claude André is a Researcher with the CNRS where he
works on light-matter interactions. He is responsible for the
first ever patent in stereolithography, granted in 1984, and
patented a non-layer 3D printing process in 2016. His
research focuses on 4D printing and bio-printing.
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