Getting Things Moving

Manufacturing, but not action or speech, always involves means and
ends; in fact, the category of means and ends derives its legitimacy
from the sphere of making and manufacturing, where a clearly
reasonable end, the final product, determines and organizes everything
that plays a role in the process — the material, the tools, the activity
itself, even the people who participate in it; all of them become mere
means to the end and are justified as such. (Arendt 1972)

Warning

In the 16th century, in his treatise on magic, Giordano Bruno had, among other
ideas, a certain notion of reactivity and consequently of adaptive materials. Thus, he
wrote:

If one resorts to the virtue of sympathy and antipathy of things, as
when substances repel, transmute or attract other substances [...], one
rightly speaks of extra-natural magic. [...] From these premises, it can
be deduced that the magnet stone attracts by its very nature. Indeed,
attraction is twofold: certain objects attract first of all by sympathy, as
when parts move towards their whole, when what has a definite place
joins its place... (Bruno 2020)

This chapter tries, however, to move away from any magical context by
examining, as scientifically as possible, how by various stimulations a form can
change spatially or in functionality, alone in a homogeneous way or by association
with materials.

For a color version of all the figures in this chapter, see: www.iste.co.uk/demoly/4Dprinting2.zip.
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1.1. Introduction

The introduction of additive manufacturing in the 1980s transformed the
manufacturing industry. This technology, despite its success, still has some
drawbacks, such as printing speed, surface finish of the final product and lack of
fully functional materials (Manikandan et al. 2021). 4D printing uses smart or active
materials to achieve a change in form or functionality. Materials that are sensitive to
certain stimuli, the stimuli themselves and the time required for the change in state
to occur are key research areas in 4D printing.

This chapter summarizes the developments in 4D printing, with a focus on the
materials and methods used for the manufacture of 4D printed objects and
structures. Smart or active printed structures can be disrupted in a custom manner by
external stimulus such as water, heat, electricity, light and solvents with different pH
values. Although printed structures exhibit self-healing, self-diagnosing, self-acting
and self-sensing capabilities, etc., this chapter illustrates attractive possibilities and
also highlights some difficulties. The field is not yet mature and still needs further
research.

Innovations, such as new tools, devices and processes, can bring significant
benefits to society by providing elements of comfort, means of medical treatment,
etc., all in conditions of frugality imposed by a crying environmental need. Only
then will innovations become inventions that can help the world’s citizens live
better, longer, healthier, more productive lives, and provide new ways to build,
move, communicate, heal, learn and play. Understanding and clearly communicating
the value of innovation (not the promises of it) can help decision-makers understand
the benefits of supporting initiatives for their development. With 4D printing, we are
at the beginning of a new scientific and technological adventure and the reality
principle must be taken into account.

The Rand Corporation (2021) highlights three lessons:

— The impact of innovations goes beyond the direct effect of the invention itself;
it can serve as an inspirational image for other fields.

— Success stories, which must be seen by the public, can help solve challenges
facing society.

— But, it is not enough to create an invention that must meet the challenges of
industrial application and manufacturing to satisfy a potential public demand.

This is another book that all employees on the verge of burnout are
snatching up and running to buy in their bookstores, like a crocodile
rushing into a leather shop. (Vervisch 2020)
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However, before reaching this stage, we must go beyond simple proofs-of-
concepts (POCs). However, in Chapter 1 of Volume 1 we have shown a significant
difficulty linked to the control of the deformation of complex shaped objects coming
out of the basic origami. Methods of “successive approximations” have thus been
proposed to reach a certain satisfaction in transformable devices, allowing for the
adjustment of ends and means. If Lippmann (1937) wrote:

Technical progress, experimental in nature, requires much trial and
error [...]. For these great centralized controls [...] are not suitable for
a system of production which can only make a profit by new invention
if it is flexible, experimental, and competitive,

this is only true if one has properly circumscribed the subject to avoid wasting time.

In order to do this, we felt that it was important to start from the most robust
bases possible, in order to attack a market that still expects little or nothing from 4D
printing. One of the elements that has already been widely discussed (because it is
essential) is the effect of a stimulation to transform cohesive matter — thus materials
— (we are obviously not talking about chemistry, which could claim this definition,
nor about cooking) by providing a new functionality and/or a deformation. We know
from Tahon (2003) that, despite (or because of) an increasingly unstable demand,
unless we change the business model, there will continue to be pressure to produce
as quickly as possible, and the diversity of products will increase. It will also be a
matter of being ready on time in 4D printing.

Thus, the purpose of this chapter is to provide an overview of the means, of
whatever nature, which make it possible to reach this objective. On the basis of the
proposals, it will then be possible to evoke exploitation paths of these means for 4D
printing applications. It is at this (partial) price that we will know if it is really a
potentially attractive “disruptive technology”. The concept of disruption was
introduced and argued by Christensen (1997) because he recognized that few
technologies are intrinsically of a disruptive or continuative nature. It is, according
to Bessen et al. (2020), their use that manifests a disruptive effect.

In André (2017), a chapter was devoted to 4D printing and transformation processes
under stimulation. These data and presentations are re-used here with (legitimate)
enrichments, following recently published work, as the background from four years ago is
considered robust.

Box 1.1 General note
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It is true that the test of causality — the predictability of the effect, if all
the causes are known — cannot be applied to the field [...]. But this
practical unpredictability is not proof of freedom; it simply means that
we are never in a position to know all the causes that come into play.
(Darwin 2020)

1.2. Actuators

2,000 years before our time, Sumer imagined that the gods created humans in the
form of animated clay statues, so that they could work in their place (principle of
intentionality). This is the active matter side. But this myth would be found,
according to Couveinhes (2012), in the legend of the Golem: the clay creatures
could be animated thanks to inscriptions, as well as by a scroll. There would thus be
an association between active matter and information. The central question in this
chapter is to know how these androids can move (and not why). According to
Wikipedia (2021), an actuator is an object that transforms the energy supplied to it
into a physical phenomenon that provides work, and modifies the behavior or the
state of a system. To do this, the initial energy can be pneumatic, hydraulic,
electrical, electromagnetic, mechanical, thermal, photochemical, chemical,
biochemical, biological, etc., to finally transform into mechanical energy and
provide work. The link sought is therefore the actuator or engine that connects
matter to energy for practical actions.

Robots are platforms for the integration of advanced technologies: energy storage,
support and active materials, information and acquisition, data processing and
transmission, mechatronics, sensors, etc. These are autonomous systems for producing a
service. “The convergence of advanced technologies and their increasing interoperability,
resulting from dematerialization, make the robot a fertile ground for innovation, cost
reduction, and new uses” (Roure and Arcier 2012).

Box 1.2. Remark on robots

Thus, an actuator is a device capable of producing (and reproducing) a physical
phenomenon such as a displacement, heating, an emission of light, sounds and a
change of functionality. It is a transformer of one form of energy into another.

1.2.1. General information

Culture is nothing more than the transmission and sharing of
representations that are temporal discretizations produced by the
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techniques of a given era. Telling is ultimately about organizing
temporal discretizations in time. (Kaplan 2012)

While looking in the past for traces concerning actuators (before including them
in additive manufacturing), we wished to give a quick overview on this aspect.
While, a long time ago, industrial activity was focused on a centralized energy:
windmill, water mill, etc., steam, the explosion engine and especially electricity
allowed us to include or distribute engines and actuators in any object whatever its
size, as a way to transform, at will, usable energy flows into spatiality. In classical
technologies, discrete elements are integrated into each other to form a system that
will operate a temporal change; with 4D printing, we hope to move from the
“quantum” to the continuous, from an ancestral and robust technical know-how to a
more innovative concept of a new mastery of matter. So, the possibility of repair in
this new field imposes level maintenance integrated into the process itself of
creating an object. We no longer replace elements: there is no need for skills,
standardized modes of communication, disassembly, storage, maintenance, etc. This
is a future that could, independently of the other performances associated with 4D
printing, constitute a real disruptive leap in the technological functioning: we no
longer repair, but we throw away! It would therefore be the “smart” use of the object
that would paradoxically create value and not the object itself, which is becoming
more or less invisible! Moreover, 4D objects are connected objects:

[They] do not pose any problems as such, what challenges us is the
extent to which we have become, willingly or not, connected subjects,
and therefore disconnected. (de Brabandére 2017)

But this is another story, for later.

Technical and formal innovation has involved and combined, in one way or
another, a theoretical reflection that is now mature with a creative practice that links
different energies together. We do not seek to find, reveal the various stages,
methods and stakes which led the designers to push back the limits of the discipline,
develop, as well as innovate, renew and create new materials, tools or uses through
the production of these machines of transfer and transformation of energy in this
chapter. We wish to make a state of affairs that will serve to initiate the reflection on
this setting in shape- or property-changing objects.

Indeed, this prior knowledge can reveal how traditional systems of action and
their cultural practices can inform and consolidate research regarding 4D printing.
Like the tendency to focus on spectacular cases, anticipating a pre-foundational
dogma, the possible exclusion of cultural knowledge and traditional practices can
impoverish 4D printing development. It is thus a question here of re-examining the
question of the links between external stabilized knowledge concerning what
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“moves” or what induces “movement” to consider possible ramifications. It is not a
question of reconstructing the modes of thought, the socio-cultural and scientific
markers, the impact on the social recognition of the designers and manufacturers of
actuators, as well as the types of production and transmission that have led to the
establishment of this approach within developed societies, but to examine whether
this immense field of knowledge can serve as a medium for the applicative
development of 4D printing.

An invention begins with the association of at least two existing techniques
(Kaplan 2012) to lead, in the sense of Simondon (2001), to what he calls a
“concretization”: here, 3D printing (André 2017b) and active matter. Initially, it is
classically a juxtaposition of knowledge, but in time one can imagine a
mutualization, a more complete integration (which is only rarely envisaged).

Converging technologies (CTs) refer to the convergence towards a
common goal of discoveries and techniques of fundamental science
and technology: CTs are technologies and knowledge systems that
complement each other in order to achieve a shared goal. Together or
in isolation, [4D] technologies can contribute to this convergence.
(Nordmann 2004)

Citton (2016) mentions hyper-objects in the field of complexity that can be
applied to the 4D printing domain. He writes:

Hyper-objects are nowhere isolable like classical objects because their
existence is inter-objective: their mode of existence is constituted by
relations between the things we identify as objects (e.g. a glacier, a
water level, a harvest, a thermometer, etc.). Whether we call them
“systems”, “attractors”, “networks”, “entanglements”, it does not
matter: they exist and operate as a web of relations conditioning the
behavior of the objects on which our attention is focused. [...] Hyper-
objects are viscous: they tend to stick to the beings whose existence is
involved in theirs.

We will have to deal with it, like Captain Haddock in Tintin... if the theme keeps
its promises. It is a thought of the adventure which,

by the moving and complex order of the knowledge that it gets, invites
us to face the novelty and the unforeseen. This relationship of
transformation, made of tinkering, of adaptation to the circumstances
and to the unforeseen, of forgetting the pre-established models
and of ingenuity obliges, in any case, invents a specific mode of
transmission, which is not of the order of the teaching of an abstract
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knowledge but of the learning of an ingenious know-how. (Faucheux
and Forest 2011)

It is far from this present and potential future, the objective of this chapter which
only envisages examining the links between known actuators and their possible
penetration into 4D space, with an essential concept of “printability” because it is
necessary to accept a humiliating defeat (to varying degrees) in regard to additive
manufacturing. It is also to examine other more autonomous sources of inspiration,
and even to imagine others. It is by the yardstick of the mastery of these elements
that we will know if this boundary object or this hyper-object that is the result of 3D
printing (which belongs, whatever we think, to the old world) will introduce itself
into our daily life in a punctual or radical way.

The only thing that counts is the process, for it is the process that lasts,
not the goal, which is only an illusion of the traveler when he walks
from peak to peak, as if the goal reached had a meaning. (Fourastié
1966)

But in relation to the theme of this chapter, the comments presented show a
complementary partner, that of the sensor used to take information and which is also
an energy interface like the actuator and the engine. So, if we combine these three

elements, the scientific literature is particularly vast! Figure 1.1 illustrates the
temporal evolution of the number of publications on the theme.

1) 10-‘Actuators’ publications

Exponential trend

Year

Figure 1.1. Evolution of the number of publications on the
theme of “Actuators” (according to the CNRS database)
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Like most sciences and other scientific fields, the number of publications is
increasing very rapidly with exponential evolutions. But, after having recalled that
the 4D printing paradigm emerged around the year 2013, it seemed interesting to us
to consider at the same time, in the same approach, “Actuators” and “4D Printing”
themes to examine the existence of a particular “academic pressure” on this
association. Figure 1.2, which represents this data in relation to that corresponding
to the main theme “Actuators”, illustrates the interest of the researchers on these
associated themes in an obvious way.

10-3‘Actuators and 3D printing/’ Actuators’ publications

Year

o
2008 200 m2 2004 2008 08 2000

Figure 1.2. Evolution of the number of publications on the themes of “Actuators”
and “4D Printing” compared to the number of publications on the
theme of “Actuators” (according to the CNRS database)

Obviously, even if this composite theme remains modest in number of
publications, the subject is very quickly associated with the production of 4D objects
(dotted line extrapolated in 2015). There is thus an almost consubstantial link
between both fields (4D and actuators).

1.2.2. Different types of actuator

Philosophy begins in wonder. And at the end, when philosophic
thought has done its best, the wonder remains. There have been added,
however, some grasp of the immensity of things, some purification of
emotion by understanding. (Whitehead 1968)
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By engineering definition, an adaptive structure is

a structure that can change its properties (mechanical, physical,
electrical, etc.) or geometric form in response to changing
environmental conditions. (Wagg et al. 2007)

In addition to the ability to move in multiple directions, some actuators have the
ability to deform in any way. A concrete example comes from the bio-inspired
actuator of a jellyfish’s locomotion (Villanueva et al. 2010).

An actuator can be described as a mechatronic device that changes the
mechanical state of a system by modulating an energy flow between the mechanical
domain and another energy domain. Different types of actuators, according to
Bréguet (1998), Vermes and Czigany (2020) and other more specific authors, are
described in Table 1.1. To meet the specificities of 4D printing, the actuators,
integrated or not, must satisfy the following: a resolution below a certain threshold,
allowing a given stroke, depending on the application, a reasonable speed and a
mechanical strength adapted to the objective, and the ability to be totally or partially
integrable in the 4D device. Other performances may be of interest, such as active or
passive control aspects, reproducibility, robustness, stability in a polluted
environment and aging. A distinction is made between classical linear actuators
(pneumatic, hydraulic and electric) (e.g. Joo and Sanders (2009)). Nonlinear aspects
can come from several sources: large displacements (geometric nonlinearity),
changes in contact status (contact nonlinearity) and nonlinear stress-strain
relationships (material nonlinearity) (Lee 2012).

Nature Comment

In general, high energy density and very high stiffness

H li ti .
ydraulic and pneumatic Numerous on-off applications

Application of a pressure on an anisotropic elastic structure
Flexible fluidic Artificial muscles
Origamis by elastomers

High energy density linear or rotary engines

Elect hanical . e .
ectromechanica High precision possible (step by step)
Low power but can be used in parallel
Electrostatic Dielectric elastomers (change in shape induced by electrical

energy)

Ultrasonic actuators (piezoelectric vibration converted into
motion), change in elasticity, change in electrical properties,
etc.

Deformation of materials Inch-worm (displacement in a bore like a worm in its hole)

Rotating inch-worm with bimetals

Inertial actuators (a mass is moved away from another one
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suddenly, then slowly brought closer)

Stick and slip (one of the two masses is zero or negligible
compared to the other)

Deformation of Electro-hydrostatic (avionics)

materials (cont’d) Pyrotechnics (forcing by explosion of a membrane)

Chemical reaction inducing a variation of volume or pressure

Specific chemical absorption or adsorption

Thermal expansion (bimetal and other amplifications)

Structural reorganization; isomerization

Electroactive polymers and electroactive ceramics, single or

multilayer; resonances of piezoelectric elements
Modifications of Electrostriction, magnetostriction

2D and 3D structures Shape memory alloys: reversible evolution between two

crystalline states affecting the geometry

Thermosensitive and photosensitive functional polymer

actuators based on semi-crystalline polymers and/or liquid

crystal polymers

Association of a heat-sensitive material with several heat
sources

Micro heat sources

Integration of magnetic Association of a magneto-sensitive material with several
micro-sources magnetic sources

Drag and boundary layers: promote the laminar-turbulent
transition of the boundary layer to delay separation and
reduce recirculation zones; disorganization of sheared layers

Modification of
the bearing capacity

Table 1.1. Different types of actuator (non-exhaustive list)

A liquid crystal is a state of matter that combines properties of an ordinary liquid and
those of a crystallized solid. We express its state by the term “mesophase” or
“mesomorphic state”. Borshch et al. (2013) remind us that these are ordered structures
(with an associated order parameter S). S goes from 0 for a completely absent structure to
1 for a crystal structure. The behavior of the system, at a macroscopic level, is given by a
collective variable. The order parameter describes the behavior, that is the coordination of
the various constituent elements of the organized system. If  is the angle between two
elongated molecules, then:

3cos?() —1
5=+

The effect of a stimulus (of the same type as those sought in 4D printing) can change
the interaction potentials between the constituent elements of liquid crystals and thus S.
Figure 1.3, from Ge (2019), shows the classical forms of liquid crystals.
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Smectic C Smectic A Cholesteric Nematic Isotropic

Figure 1.3. Liquid crystals

Box 1.3. Liquid crystals

1.2.3. Amplification

About the laws of nature: “To say this to a physicist is to say to a tiger
in search of prey that all flesh is grass.” (Weinberg 1997)

4D printing can reproduce physico-mechanical changes over time in a controlled
manner, allowing the transition from static to dynamic. By combining the ability of
4D printing to create dynamic morphological changes under certain stimuli and the
possibility of creating biocompatible micro- or nano-robots based on elastomeric
materials, biomedical applications can be envisaged (Hann et al. 2020). However,
among the current challenges and limitations of these devices, is the issue of
deformation amplitude. As in any system where mechanical elements are involved,
this question of the amplitudes of displacements is often raised. When these are
considered too modest in relation to the objective, mechanics have already
developed relays that allow the movements to be amplified. It is in this field that we
will find, for example, the bilayer or constrained systems, presented in Figures 1.4
and 1.5, which could be used in 4D printing.

Figure 1.4. Bilayer

A bilayer, as its name indicates, is a device made of the juxtaposition of two
cohesive blades of materials with different mechanical properties (e.g. different
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expansion coefficients). It is thanks to the different properties of these two materials
that it will deform to achieve a mechanical action. Bilayer type elements allow for
the generation of a bending moment or annular elements that will, using a shear
mode, generate a displacement perpendicular to the element (Lambert et al. 2016). A
4D printing model is presented in Lee et al. (2019). For their part, Baran et al.
(2017) propose multi-layer or multi-blade evolutionary systems.

1 Elongation

LA
= -

Figure 1.5. Displacement amplification under stress

If Al is the elongation, the height / reached is defined by h = Vv2IAl, which
corresponds to an amplified effect in spatial terms.

1.2.4. Other modes of action from mechanics

The artist, taken in this highest sense, does not create only for the
entertainment and instruction of his audience, he works solely and
exclusively for the formation of his own existence. It is culture as
Goethe understood it, as he opposed it to philosophy and science, it is
this hard and rigorous task of knowledge that accompanied him all his
life, forcing him to assimilate with a hunger never satisfied, all of the
phenomena of life, and to metamorphose them to the true meaning of
the word. (Broch 1985)

The discovery of new materials is an important part of our technological history.
Manufacturers are increasingly using materials for high-tech sectors, as well as in
more everyday areas; their objectives are to improve performance, lower the cost of
manufacturing products and maintain or even improve reliability. The concept of
“smart” materials and systems emerged in the early 1980s. They are capable of
changing a characteristic such as shape, modulus, viscosity and transparency under
stress (Elguesse 2015).

1.2.4.1. Fluidic actuators

Before Koch, the bacillus had no real existence. (Latour 2020)



Getting Things Moving 13

The first family of flexible fluidic actuators is based on the historical McKibben
actuator, developed in the late 1950s. The basic principle of flexible fluidic actuators
consists of a pressure applied on an anisotropic elastic structure. The basic
configurations are shown in Figure 1.6.

Air . B Air —.
3 oy 3 ‘ﬂlllll :_:_: j”l//f/;
""’i" ﬁl rﬁ‘ /"”""‘ lr
ﬂ—-&l—-ﬂ /

Bellows

Figure 1.6. Different types of fluidic actuator (see
http://www.zpag.net/Tecnologie6s_Indistrielles/Verin.htm)

A pneumatic actuator, as shown in this figure, consists of a cylinder containing a
sliding piston with a fixed metal rod that transmits the mechanical energy generated
by the pressure. For a double-acting cylinder, two compressed air supply ports are
machined on either side of the piston. The commonly accepted advantages of these
flexible fluidic actuators lie in high compliance (compliance is the opposite of
stiffness), high efficiency of input pneumatic energy conversion, very low heating,
low density and, most importantly, the absence of a magnetic part (Lambert et al.
2016). Since it involves the use of flexible materials, this type of actuator should
advantageously be able to be used in 4D printing.

For Lambert et al. (2016), the characteristic elements to be considered are free
elongation (without applied force), locking force (without displacement), and
response time, developed stress (N/mm?) as a function of actuator volume (mm?),
applied pressure (bar), dimensions, number of degrees of freedom, achieved
performance, as well as indications on manufacturing choices (materials, processes),
etc. (Huber et al. 1997; De Volder and Reynaerts 2010; Gorissen et al. 2011).

1.2.4.2. Shape memory alloy (SMA)-based actuators

Time is the modification of space. (Fourasti¢ 1966)
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Shape memory alloys (SMAs) are exploited for their thermomechanical
properties, such as their hyperelasticity in the austenite state, plastic behavior in the
martensite state and the shape memory effect controlled by temperature change
(Simoneau 2013; Yuan et al. 2020). In mechanical applications, SMAs have the
advantages of being clean and developing high stresses for low weights (Lambert
et al. 2016). The principle of these active systems is observed in large families of
alloys including copper (CuAlZn), nickel-titanium (NiTiNb) or AuCd (discovered in
1932) based alloys. These materials can evolve between two crystalline states
affecting their geometry: the austenite state at high temperature (cubic mesh) and the
martensite state at low temperature, the latter has a significantly flattened mesh, as
shown in Figure 1.7.

The transition from both crystalline states occurs through a threshold
temperature. According to Lambert et al. (2016) and Boni and Royer-Carfagni
(2021), the stress experienced can be a uni-axial elongation when the SMA is a
tensioned wire or bar (Mavroidis 2002). But, for a larger stroke, it is possible to use
an SMA material in the form of a coil spring (Velazquez et al. 2008). When this
spring is stretched or compressed, the material works primarily in torsion and the
internal stresses are of the shear type (Sheng and Desai 2015). The beam network
form can be useful when looking for an optimal trade-off between force and output
stroke (Abadie et al. 2009).

Heating

Martensite Austenite

Figure 1.7. Shape memory alloys

Figure 1.8, from Lambert et al. (2016), represents the evolution of the martensite
phase in the material as a function of temperature and for a given stress. This
diagram accounts for the transformation hysteresis Y. The different transition
temperatures are defined by considering that As and Af are respectively the
thresholds of start and end of transformation from the martensite state to the
austenite state, and Ms and Mf are those of the reverse transformation (Cianchetti
2013).
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Figure 1.8. Evolution of the martensite rate in the material
as a function of temperature and for a given stress

1.2.4.3. Translation — rotation

Some ideas spread so well that, in different versions, they invade
whole populations in a lasting way. Culture is made, in the first place,
of these contagious ideas. It is also made up of all the behaviors [...]
and all the products [...] whose presence in the shared environment of
a human group allows ideas to spread. (Sperber 1995)

Ren et al. (2021) have taken up a system that transforms a stimulus-induced
translation (electrochemical in their case) with a rotation (arm joint type). Figure 1.9
illustrates a working principle of such a biomimetic system.

Artificial muscle

Figure 1.9. Actuator transforming translation into rotation

Relative to what is proposed by work from homogeneous processes,
the nanofiber-containing “muscles” provide an isometric stress of 10.8 MPa (about
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30 times what is achieved with skeletal muscle). Using the accumulated isometric
stress, the wire muscles achieve a high contraction rate of 36.3% s!. The wire
muscles can be grouped together to lift large masses and grasp real objects.

1.2.4.4. Rotary engines

Most engines that output mechanical power in the form of torque (rotary output)
use crank-crank (translation-rotation) foundations with sequentially excited
actuators.

1.2.5. Remarkable properties

Philosophy [...] must refuse the freedom indulged in by specialized
thoughts that reject or exclude what is incompatible with their
presupposition and that, if need be, boast of “scandalizing common
sense”. (Stengers 2020)

1.2.5.1. General considerations

Time is the moving image of still eternity. (Morel 2020)

All happiness is essentially poetry, and poetry means action; one
hardly likes a happiness that falls to you, one wants to have done it.
(Alain 1985)

Recall that an actuator is an operating component of a functional system that
transforms the energy supplied to it into a physical phenomenon that provides work,
transfers energy or modifies the behavior or state of a system. An associated effector
can finalize the work by producing the expected effect. Among the properties of the
actuators are a number of important elements, such as the response time or the
elastic modulus.

— Response time is a measure of performance defined as the time between the
end of a request to an actuator and the beginning of the response (see Figure 1.10).
Latency is also expressed as a creep (or delay) function.

— Young’s modulus, the modulus of elasticity or tensile modulus is the constant
that relates the tensile stress and the onset of deformation of an isotropic elastic
material. The law of elasticity is Hooke’s law of the form: ¢ = ¢E, where o is the
stress (in units of pressure), £ is Young’s modulus (in units of pressure) and ¢ is the
relative (dimensionless) elongation. The international unit is therefore the pascal
(Pa). However, because of the high values this modulus takes, it is usually given in
mega-pascals (MPa).
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Signal

Origin of the
stimulation

Relaxation time

Latency Time in action Time

Figure 1.10. Concept of response time

— Other criteria related to the material are presented in Figure 1.11 (Troyano
et al. 2021) and others can be searched for, such as a nominal power (Watt), an
action frequency (s™!) and a torque to be transmitted (Newton.m or N.m). Additional
elements resulting from their use in robotics concern aspects of impedances and
mechanical admittances. These are stiffness or elasticity, mass or inertia, viscous
friction or damping, dry or Coulomb friction and kinematic constraints (revolute,
ball joint, etc.). The interested reader can find information on these aspects in
Fauteux (2009). Indeed, the main elements such as the response time and the main
mechanical properties will suffice to start a comparison between ‘“traditional”
actuators and 4D devices.

-m -0

Young's modulus Poisson’s coefficient
> @. "@ ad |
Shear modulus ~ Volumic compressibility modulus

Figure 1.11. Material characterization (E:Young’s modulus;
v: Poisson’s ratio; G: Shear modulus; K: volume modulus of compressibility)

COMMENT ON FIGURE 1.11.— The three moduli E, G and K allow for the
characterization of the elastic behavior of an elastic material. These constants result
from the existing relationship between a stress and the induced deformation:
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— 0 = ¢E, where o is the stress (in units of pressure), E is the Young’s modulus
(in units of pressure) and ¢ is the relative (dimensionless) elongation.

- 1:yG, where T is the shear stress (in units of pressure), G is the shear or
Coulomb modulus (in units of pressure) and y is the shear angle (dimensionless).

AV . . .
-p=—-K > where p is the hydrostatic pressure exerted on the volume (unit of

. S . AV
pressure), K is the volume modulus of compressibility (unit of pressure) and s

the relative change in volume (dimensionless).

If the deformation is elastic, there is partial compensation of this increase in
volume by lateral contraction of the specimen (Ay and Az) in directions
perpendicular to the tension. The relative deformation in the y and z directions is
then written (for a homogeneous material):

A . . . s . € £
—& = =~ with v, Poisson coefficient defined by v = = = =
Yo Ex Ex
9KG

—E, G, K and v are related to each other by the relation E = =2G(1+v)

(G+3K)

— Temporal aspects must be taken into account with materials whose shape must
evolve following a stress. Figure 1.12 (from Billon (2007)) represents the case of the
deformation of a linear polymer after a first transition (not shown in the figure) from
a completely disordered state, in thermodynamic equilibrium prior to the
stimulation, to a change of order that favors the flow.

induced by
shearing

Figure 1.12. Orientation of polymeric
chains in the direction of flow

Each “linear” chain has a free volume in which it can move by propagating local
conformational changes. But, depending on the constraint exerted, the system that
constitutes each polymer can be forced to adapt, for example by reducing the
number of its Cis bonds relative to the Trans ones, thus prompting the transport
phenomenon. These different movements have their own time scale. In polymers,
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the elasticity energy represents the energy storage resulting from the rotation around
the bonds, the variation of the bond angles and finally the variation of the
equilibrium distances between atoms. The elasticity energy is a contribution from
intramolecular bonds (within a macromolecule) rather than from intermolecular
bonds.

The macroscopic properties of polymers depend on their local architecture:
monomers, nature of the chains and their rotational abilities, length of the chains,
etc. (flexibility of the skeleton, capacity of cooperativity, physico-chemical and
physical interactions, entanglements and disentanglements). The formulation of the
polymer material involves additives, such as fillers or plasticizers (inter-chain
interaction), nucleating agents (semi-crystalline organization (rate and size)) and
blends. All of these interactions lead to different relaxation times that can be
considered in global 4D printing.

Thus, for a viscoelastic fluid, there are two modes of deformation characterizing
the viscoelastic behavior: (1) stress relaxation which consists of imposing a
deformation step on the material and observing the evolution of the stress as a
function of time and (2) creep which consists of imposing a stress step and then
observing the evolution of the deformation as a function of time. Under viscoelastic
conditions, these different parameters become functions of time and space.

An elastomer is made up of long molecular chains assembled, at rest in “balls”.
These chains are linked together by cross-links, entanglements or polar bonds with
mineral fillers. They form a 3D network. The mechanical properties of elastomers
depend primarily on the length of the chains between the nodes of the network. The
shorter this length (dense network), the more rigid the elastomer. When the material
is extended or twisted, the molecular chains unfold and adopt a linear order which is
achieved at the expense of the secondary bonds, the primary bonds remaining
effective. The cessation of the extension-torsion stresses thus allows the molecular
chains to return to their passive, folded and random configuration (elastic
deformation), provided that the stresses have not broken the primary bonds, in which
case the deformation becomes irreversible (passage into the plastic domain)
(Mercier et al. 1999)

The deformation of a homogeneous polymer results from local changes of more
or less cooperative conformations, which, from one to another, lead to global
deformations.

These local conformational changes are constrained by interaction
energy terms (van der Waals or others) between unbound atoms (not
bound by a covalent bond) and by torsion potentials on the valence
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cones for bound atoms. The elementary processes of chain
deformation. (Billon and Bouvard 2015)

The deformations of thermally activated macromolecules are time-dependent,
dependent on the nature of the material (and its charges) and thermally dependent on
their associated energies. “It also depends on the interchain organization through the
conformational changes it favors and/or annihilates” (Billon and Bouvard 2015).
Figure 1.13, from Pic (2009), recalls the effects of temperature on a polymer.

Young's modulus
_Glassy state
_ Leathery region |
[ Rubl!)ery plateau l ‘
| [ L;quid flow |
T 1
Temperature

Figure 1.13. Effects of temperature
on the elasticity of a macromolecule

These different parameters are defined under conditions where there is proportionality
between the stress and the transformation. For too high stresses, the behavior may no
longer be linear, with irreversibilities and performance losses (degraded processes and
failures) (see Zhou et al. (2021)).

Evanescent memory: in viscoelastic materials, the deformations determined at the
reference time depend on the entire history of mechanical stresses already experienced.
According to Pic (2009), this type of material called “evanescent memory material” keeps
the deformations undergone during its manufacture and during its use in its memory, but
the effect of these constraints fades in the course of time (Lagache 2006).

Box 1.4. Conditions on materials
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1.2.5.2. Mechanical performance

He who finds what he is looking for generally does a good
schoolboy’s job; thinking about what he wants, he often overlooks the
signs, sometimes minimal, that bring something other than the object
of his predictions. The true researcher must know how to pay attention
to the signs that will reveal the existence of a phenomenon that he
does not expect. (Bourcier and Van Andel 2017)

Figure 1.14 (according to Liu et al. 2021a) depicting an Ashby diagram of
compressive-density strength shows the range of possibilities depending on the
inorganic materials used with very large dynamics.
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Figure 1.14. Ashby diagram of inorganic materials (ceramics). 1: Hollow alumina
nano-lattice; 2: SiOC micro-lattice; 3: SiOC honeycomb; 4: AlO/C23 nano-lattice;
5: AIO/C23 honeycomb polymer; 6: SiOC matrix and carbon nanotube matrix; 7: SiOC
matrix and honeycomb carbon nanotube matrix; 8: AlO/C23 nano-lattice polymer;
9: SiC foam

With respect to organic materials, Figure 1.15 shows that we are generally a long
way away from the conditions achieved and illustrated in Figure 1.14. Most of the
research efforts in the field of 4D printing are focused on smart (often soft) actuators
with sensing and shape-changing capacities. They need to be observed through Key
Performance Indicators (KPIs) and associated mechanical properties. Following the
classification of actuators proposed by Zupan et al. (2002) and more specifically



22 4D Printing 2

their derived characteristics, some attributes can be given special attention by
designers and engineers, such as actuation stress, actuation deformation, actuation
modulus, work output, work capacity, actuator efficiency and stroke work
coefficient, in order to define the industrial specifications. In the present analysis, to
measure and monitor the performance of 4D printed actuators with active materials,
these attributes can also be derived and expressed in terms of material-properties
(Karothu et al. 2020), such as Young’s modulus, response time under stimulation,
force generated and actuation efficiency (i.e. the ratio of mechanical work produced
to energy absorbed during a complete cycle). Thus, Figure 1.15(a) represents the
KPIs ranges for the main categories of active materials as used in 4D printing
(Shape Memory Polymer — SMP, Shape Memory Alloy — SMA, Piezoelectric
Polymer — PZT polymer, hydrogel, Tonic Polymer-Metal composites — IPMC and
Liquid Crystal Elastomer — LCE).

Many studies have focused on characterizing active materials to provide relevant
evidence for material selection (Huber et al. 1997; Song et al. 2016; Boyraz et al.
2018; Kim et al. 2019a; Decroly et al. 2020; Halabi et al. 2021). However, large
disparities can be reported between the calculated/measured indicators which
make it difficult for non-experts to use them. This can be explained in particular
by the different measurement scales highlighting different temporalities, the
customization and distribution of materials, the size of actuators, as well as the
different material shaping processes studied over the last two decades. However, it
should be noted that the current KPIs (shown in Figure 1.15(a)) are still low
when compared to the performance of existing actuators (e.g. hydraulic and
pneumatic) as used in industry. Most 3D printed active materials have notable
weaknesses in terms of mechanical stiffness, actuation forces, actuation/recovery
responses (e.g. thermoactive materials with large heating/cooling times due to
Fourier’s law of thermal conduction), changeability and even functional degradation
of the material over multiple cycles.
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Figure 1.15(a). KPIs of the main categories of active materials used in 4D printing:
a) Young’s modulus, b) response time once stimulated and c) forces
generated and actuation efficiencies (from Demoly et al. (2021))
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Figure 1.15(b). Comparison of Young’s moduli according to Adam et al. (2021)
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Figure 1.15(c). Case of conventional polymers according to Lecomte-Beckers
(2010). 1: Carbon fiber reinforced composites; 2: glass fiber reinforced polymers;
3: polypropylene; 4: polyethylene; 5 and 6: conventional polymers; 7: PTFE; 8: Butyl
rubber and Isoprene; 9: rubber reinforced with carbon black; 10: silicone-based
elastomers; 11: high-density rigid polymeric foams; 12: medium-density flexible
polymeric foams; 13: low-density rigid polymeric foams; 14: low-density flexible
polymeric foams
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Figure 1.16 of Hofman (2021) shows other highly differentiating criteria
between Young’s modulus and coefficients of thermal expansion. The same is true
for the items shown in Figure 1.17 corresponding to mass torque relative to actuator
speed (Babaei et al. 2021).
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Figure 1.17. Relationship between
torque density and speed
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Considering the considerable dynamics to be taken into account, going from an
established field for which rules exist to a very recent field still “boiling”, we can
imagine the difficulty that a designer may have to find “good” materials adapted to
their problem.

1.2.5.3. Actuator selection

The simulacrum is the identical copy of an original that never existed.
(Baudrillard 1978)

Almost obviously, apart from the mechanical aspects (Young’s modulus) and
response time, other elements of choice can be considered. Depending on the use,
the nature of the actuation (bending, elongation, deformation, etc.), the power in
relation to the mass, the robustness, the durability, the frequency of use, etc., can be
taken into account. In the same way (if only to prepare the next paragraph), the
selection of materials can be a selection criterion: single-material system,
multi-material, biocompatibility, biodegradability, etc.

Among some examples explaining this selection issue, Forget (2018) presents
criteria for a pneumatic actuation with advantages: intrinsically compliant system;
very dynamic movements; good control of the position/force of the joint, as well as
its impedance/admittance; simplicity and lightness (good weight/power ratio);
reduced price; pump relocation, etc. The disadvantages are the following: high
pressures involved (risk of explosion); accurate modeling of the system difficult due
to highly nonlinear behavior according to Alvarez Palacio (2020); friction losses;
noise; each force/speed requirement requires different actuator sizing; pump sized
for the “worst case”, that is for the most powerful actuator; agonist-antagonist
architecture imposing control of two variables per degree of freedom, making
control more expensive in terms of computational power, etc.

In the case of an electric cable actuator also proposed by Forget (2018), using an
electric engine and a ball screw/nut linkage used to drive a cable, the advantages
would be as follows: well-documented and mastered electric engine control;
reversible/transparent actuator, providing good perception of external forces from
motor current, as well as good efficiency; use of a cable, providing flexibility that
softens contact with the environment and providing an interface for estimating
external forces (by measuring cable deflection); and the footprint is similar to a
human muscle (exoskeletons and biomimetic systems). The disadvantages proposed
by this author would be flexibility introduced by the cable, complicating the control
of the system and reducing its bandwidth, and the presence of complex physical
phenomena to identify and control.

For all that, these criteria need to be refined. We have chosen a single example
from Abba (2012), related to the possible selection of engines for robotics.
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Figure 1.18 shows that this selection based on efficiency and weight criteria is quite
difficult to consider if it must interfere with the others presented above.

]
(=]

Efficiency
03 04 05 06 07

0.2

0.1

Figure 1.18. Relation between efficiency and
weight of a motorization in robotics (knees)

1.3. Actuators and 4D printing

Power establishes an asymmetrical relationship between the one or
those who command and the one or those who obey. If it is not
reduced to domination, the power relationship can engender a consent
to obedience, but also the possibility of disobedience, the impatience
of freedom, the horizon of insubordination. (Spector 2018)

NAP (2019b) reminds us that “soft matter” (Modes and Warner 2016; Nagel
2017; Smalyukh 2018) can be described as a material with low or zero elastic
modulus and that this parameter can govern the ability of a material to resist
deformation. This domain concerns polymers, colloids, foams, emulsions, etc. It
corresponds to a mesoscopic scale (intermediate between the atomic and millimeter
scales). The energies taken into consideration are adapted to easily accessible energy
inputs, energies involved in 4D printing. NAP (2019b) also writes:

Soft matter is often highly dissipative, disordered, entropy-dominated,
far from equilibrium, and characterized by strong nonlinear and slow
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dynamic responses. Although these properties have been extensively
studied over the past decades, our understanding of them is still
incomplete.

In fact, independently of 4D printing, this field is growing rapidly and it seems
wise to follow the current developments to consider profitable applications for the
manufacturing field.

1.3.1. General framework

To produce something new, one must certainly “doubt...”. But also to
be able to “doubt...”, that is to say, to accept, at least temporarily, a
badly supported, fragile and provisional knowledge. Beyond doubt, it
is the risk of thought that we must assume. (Lévy-Leblond 2020)

In order to extend the application domain of the actuators presented in the
previous section to 4D printing and then to partially unknown, dynamic or
anthropogenic environments, the same or better, increased physical interaction
capabilities are required. In this context, meeting the safety, robustness and
versatility requirements of new 4D devices is a challenge.

If we had limited this book to homogeneous 4D printing, this volume of
published information could have been greatly reduced by the addition of an
essential discriminating criterion, that of “printability” (this will be mentioned later
in this chapter). On the other hand, with heterogeneous 4D printing strategies, it is
possible to introduce elements into a 4D device that are not necessarily realized by
3D printing (but with elements that are effectively mechanically linked together to
constitute the object). For all that, we did not wish to widen the presentation too
much by essentially limiting ourselves to the energetic material-stimulation
relationships. Table 1.2 presents some works that may be of interest for combining
additive manufacturing and actuators.

4D printing allows for the addition of active and reactive features in response to
various external stimuli. The SMPs, which by selective absorption of light can
produce a mechanical action, will often be mentioned (Hingoran et al. 2019; Zhang
et al. 2019; Jeong et al. 2020). If, in principle, 4D printing can enable the fabrication
of objects with complex geometries, the fine control of deformations with
predefined responses is not yet optimal. We will later show that this difficulty is not
unique to SMPs.
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Energy Subject and commentary References 3D
. Self-assembly of silk Elletro 2015 N
Mechanical Pneumatic effects in elastomers Di Natali et al. 2020; ?
Lee and Bhattacharya 2021 | °
Actuators made of SMA Morellon 2010
wires combined with a
return element
Mechanical Valves ?
Pal et al. 2020; Qian et al.
Energy storage 2020; Sweet et al. 2020
Mechanical Haptic devices and Biet 2007; Kaneto 2016 | N
electroactive actuators
Acoustic Polymers Adam et al. 2021 Y
. Mukhopadhyay et al. 2020;
gfle(j:;l::rljclfl Transfer in metamaterials; origami Novelino et al. 2020; Y
& & Vangelatos et al. 2020
Fluid mechanics Reduction of drag in flows Onal et al. 2017; Ott 2020 | ?
Piezoelectricity Microsystems Cueff 2011 N
E]ectro_activity; Choi et al. 2020 ?
. Polymers; hydrogels )
electrothermics Garces and Ayranci 2020 | Y
Carrico et al. 2019;
Electric field Ionic polymers Narayan et al. 2021, ?
Tyagi et al. 2021
. . Bréguet 1998; o
Various Micro-actuators Vermes and Czigany 2020 | -
Various Electro-activity and flexible fluidics Lambert et al. 2016 Y
. Deformation under Whip 2016; Song et al.
Magnetic . . . . ?
magnetic field; nanoparticles 2020; Zhang et al. 2021e
Electromechanical MEMS Li et al. 2020b
) Glock et al. 2015;
Nanoparticles Golovin et al. 2015 N
Magneto- .
mechanical Sindersberger et al. 2018;
Elastomers Zhang et al. 2019; ?

Mirvakili et al. 2020
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Di-electricity Active polymers Chortos et al. 2019 N
Chemistry Chemlca.l reaction producing a Suzumori et al. 2013 ?
change in phase, volume, etc.
Chemistry; color Color change associated Lu et al. 2020; N
change with the chemical environment Nie et al. 2021 ’
Chemistry: pH Oriented polymers Sarikaya et al. 2021 Y
Heat. photons Heat and/or light Ge 2019; Du et al. 2020; 5
- P sensitive materials; SMAs Lee et al. 2020 ’
Thermal effect Deformation of organized liquid Zhang et al. 2020b Y
crystal structures
. . Cao et al. 2010;
> 9
Thermomechanics Bilames Baran et al. 2017 ?
Bhatti et al. 2020;
Photochemical Molecular rotor Kuenstler et al. 2020; N
effect Lan et al. 2020; Li et al. ’
2020a; Lu et al. 2020
Microwave Liquid crystals Wang et al. 2020d ?
Le Duigou 2017; Dai et al.
. . Absorption/desorption 2020; Li et al. 2020a; 5
Moisture; water inducing volume change Zhao et al. 2020; ’
Piotrowska et al. 2021
Biology Bio-printing Nie and Takeuchi 2020 | Y
Haghiashtiani et al. 2018;
Electricity Dielectric muscles Qiu et al. 2019; ?
Ghosh and Basu 2021
Autonomy Autonomous chemical reactor Hu et al. 2020 Y

Table 1.2. Examples of energy transformers (Y: publications that
consider the use of 3D printing; N: do not consider it; ? do not mention it)

What this table shows is that in a top-down approach going from the main

market (actuators) to the 4D aspect, the scientific field shows a weak interest in this
last area, which remains quite confidential. Nevertheless, we find the classical
effects presented in section 1.1 with originalities associated with active materials
with stimulations presented in Figure 1.19 (Rastogi et al. 2019).
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Figure 1.19. Main stimulation modes in 4D printing

For reasons associated with the resolution and/or the limited number of voxels,
most authors have turned to the use of a transformable material to manufacture a
polymer sensitive to a stimulus (heat, solvent, humidity, pH, light, mechanical,
electromagnetic field, etc.) via an additive manufacturing process. Therefore, for the
most part, there are classic additive manufacturing processes with so-called
intelligent, active, informed or programmable materials. The underlying idea is to
start from a given geometry so that it becomes a shape corresponding to an
application through energy input. By playing on the spatial and amplitude
distribution of a form of this energy (of these energies), there would also be the
possibility of having an adaptive system like an actuator, a flexible robot, a structure
evolving in time and perhaps in its functionalities (André 2017; Frenzel et al. 2017
Zarek et al. 2017; Kuang et al. 2019; Lehn 2002).

1.3.2. Specificities linked to the manufacturing process

There are still dead generations that make prudish books [...], books
about the day, about hobbies, about travel. But not books that embed
themselves in thought and speak about the black mourning of all life,
the commonplace of all thought. (Duras 1993)

In the field of 4D printing, the main criterion is in the material itself, with
processes that must “follow” to achieve the desired objective. We have recalled
throughout this book one of the interests of additive manufacturing, which is that
deposits of different materials located in the space constituting the 4D object are
enabled. However, as shown in Figure 1.20, if at least two materials are used,
several active associations can be retained (Du Plessis et al. 2021). Obviously, these
structures have an effect on the behavior of 4D objects.
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Figure 1.20. Possible arrangements of multi-materials

Natural structures are generally based on a limited number of repetitive structural
design elements (Naleway et al. 2015), such as fibrous, helical, gradient, layered,
tubular, cellular, sutured and tile. These structural design units are present in nature
and can be used in 4D design, in connection with the search for the best performance
(e.g. carbon fibers, already used for material reinforcement (Ahmed et al. 2020)).
Helical structures improve fracture toughness by inducing curved crack paths.
Cellular structures, tube, suture and tile designs can also improve performance
(Du Plessis et al. 2021). What this figure basically shows is that the active
component can be embedded in a supporting material, from a molecular
homogeneity step to associations between objects of different natures and
functionalities. One serves to support the action carried out by the other element.
The “passive” component (effector) must have specific criteria in terms of weight,
mechanical properties, etc. This is where metamaterials come into their own.

1.3.2.1. Metamaterials

Design is a problem-solving activity without a fixed, directly
applicable procedure. (Malhotra et al. 1980)
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Metamaterials have origins dating back to the early 19th century (Veselago and
Narimanov 2006). They are fabricated structures that can mimic the responses of
known materials or possess new ones, some of which do not exist in nature (Engheta
and Ziolkowski 2006). In particular, these organizations may have properties that
are weakly related to the characteristics of their chemical constituents, but rather to
the shapes given to these metamaterials (Liu and Zhang 2011). According to
Saunders (2020), the origins of these organizations stem from the theoretical work
of Veselago (1968) and later Pendry (2000) and Smith et al. (2000). Shelby et al.
(2001) are said to have been the first to create such arrangements and demonstrate
an interesting property such as a negative refractive index.

Furthermore, metamaterials have been developed and used for multiple purposes
in many fields: morphing of aircraft structures, internal prostheses of implants,
comfort of shoes and linings of helmets and cribs to reduce the risk of brain trauma
in case of impact, etc. These new classes of metamaterials can be manufactured by
additive manufacturing. At present, these materials are not stimulable (but this is
being considered and is sometimes practiced) and can be used as effectors (Bristol
University 2021).

Buckling, once considered the “ultimate” design failure, has been exploited in
recent years to develop mechanical metamaterials with advanced features to create
3D structures with exploitable properties in 4D printing (Janbaz et al. 2019). The
structural complexity of metamaterials is in principle unlimited, but most designs
include periodic architectures that lead to materials with spatially homogeneous
characteristics (Cui et al. 2010, 2014; Buriak et al. 2016; Coulais et al. 2016; Krodel
et al. 2017; Jayashankar et al. 2019).

1.3.2.1.1. Metamaterials and their properties (based primarily on Kadic et al.
2019)

The provincial cities, quietly sitting on their heritage, are not often
associated with audacity and willingly leave the effervescence
of feverish creations and polemics to the capitals. This fixed
representation of a cultural life where everything that moves and
sometimes disturbs is necessarily concentrated in a single extreme of
free creativity, corresponding to the place in which powers and wealth
are concentrated, is a very French fact. (Francfort 2007)

— Metamaterials are rationally designed composites, made up of custom-made
building blocks, with average properties superior to those of their constituents.

— Metamaterials can be designed by computers (to avoid tedious trial and error
procedures and excessive experimentation).
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— Additive manufacturing can advantageously be used to physically create
complex shapes.

— Although many 1D and 2D model architectures have been considered due to
their ease of manufacture and reduced design complexity, the potential of the
metamaterial concept is fully open to 3D microstructures and nanostructures.

— For Salari-Sharif et al. (2018), it is possible to combine the stiffness of metals
or ceramics with the damping capabilities of rubber (damping properties).

—In electromagnetism and optics, they have remarkable properties
(diamagnetism, paramagnetism up to optical frequencies, impedance matching,
negative refractive indices, maximum electromagnetic chirality, perfect optical
absorption, non-reciprocal propagation of electromagnetic waves without static
magnetic fields, etc.).

—1In acoustics and mechanics, they have full flexibility in elastic parameter
matching, chiral mechanical behavior, sign reversal of effective static
compressibility, negative dynamic mass density, non-reciprocal sound propagation,
perfect broadband sound absorption at the fundamental limit imposed by causality
and highly nonlinear, multi-stable and programmable properties of linear elastic
constituents (see Dubourg (2015)).

— Thermal conductance is highly anisotropic, such as sign reversal of absolute
mobility and Hall coefficient, highly anisotropic Hall tensors, giant
magnetoresistances and thermoelectric power factors that are increased by an order
of magnitude.

— 3D printers could enable thousands of different metamaterial properties from a
small number of input materials.

Therefore, it is not only mechanical and actuation properties that can be of
interest to researchers invested in 4D printing, since many functionalities can be
envisaged. The emerging areas presented above constitute a roadmap for future
research on metamaterials. In particular, extending the study of the mechanical
behavior of metamaterials to the nonlinear range of deformations and to flexible
metamaterials should receive attention in the next few years, as well as developing
the manufacture of metamaterials containing active materials, such as those used
in homogeneous 4D printing. Many possible designs of nonlinear flexible
meta-materials yet to be discovered could present opportunities for novel
applications using, in particular, additive manufacturing.

Figures 1.21 (Ion et al. 2016, 2018a, 2018b; Novak et al. 2016) and 1.22 (Kamru
et al. 2020) illustrate on these bases, the possibility of realizing flexible structures
that can be set in motion using external mechanical actuators. These structures can
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be made using additive manufacturing. The example in Figure 1.22 corresponds to a
microstructure prevalent in the literature: originally realized in 1982 by Gibson and
Ashby, according to Azoti (2012), in a 2D model, this simple shape is based on the
hexagonal geometry of a conventional honeycomb structure. By defining an angular
parameter, it is possible to reverse the orientation of the edges or struts of the
geometry and thus define a “reentrant” geometry. Thus, contrary to the
homogeneous 4D printing, we use wire structures or foams (and not a material in
volume) with external actuations (let us recall however that the materials must be
flexible to consider the deformation, but can only be inert).

»

) «

Deformation in the plane

A)

Out-of-plane deformation
B)

Figure 1.21. Deformation of heterogeneous structures under the action of an
external force (the red disks correspond to the attachment points between the
different structures: A: planar deformation; B: spatial deformation from a planar
structure)
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Figure 1.22. Reentrant structure

Other deformations can be considered, as shown in Figures 1.23 (Novak et al.
2016) and 1.24 (Kolken and Zadpoor 2017). The renewed interest in metamaterials
is, in fact, associated with recent advances in additive manufacturing that allow for
the manufacture of objects with complex nano/micro-architecture, potentially
covering different spatial scales. Due to their rationally designed architecture,
mechanical metamaterials exhibit unusual properties at the macro scale. These
properties could be utilized for the development of materials with advanced
functionalities, with applications in soft robotics (Jin et al. 2018), biomedicine, soft
electronics, acoustic masking, etc. (Kolken and Zadpoor 2017).
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Figure 1.23. Other examples of deformation: A): Multi-material system with a
flexible joint; B): Flexible relationship between blocks; C): Bi-material
(active, inert) system; D): Deformation of a chiral structure
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(A) State almost completely (B) The tension in the fibrils causes the
densified particles to move

(D) Fully expanded state

(C) Rotation of disc-shaped particles

Figure 1.24. Structural changes observed in a microporous PTFE (Poly-Tetra-Fluoro-
Ethylene) foam subjected to tensile loading in the horizontal direction: A) Almost fully
densified state; B) Tension in the fibrils causes displacement of the particles;
C) Rotation of the particles into a disk shape (side view): D) Fully expanded state

However, it should be remembered that such a structurally complex
implementation can lead to geometric frustration (whereby local constraints cannot
be satisfied everywhere), which can prevent coherent operation and consequently
hinder the desired functionality. Regardless of this aspect, the literature abounds
with 2D and 3D lattice structures. The interested reader can advantageously consult
the following references: Bodaghi et al. (2017b), Martinez et al. (2017, 2018),
Liu et al. (2018a, 2018c), Alison et al. (2019), Kadic et al. (2019), Yang et al.
(2019), Callens et al. (2019), Wu et al. (2019) and Wang et al. (2020).

The shapes given to these metamaterials can be very complex (which is an area
of excellence of additive manufacturing). In general, the mechanical properties of
the metamaterials are programmed and fixed during the design and fabrication of the
architecture, and do not change with changing environmental conditions or
application requirements. However, according to Li et al. (2020c), while materials
are of great research interest due to unusual mechanical responses and a wide range
of deployment possibilities in plane and space, the cellular structure and nature of
the constituent elements of materials that deform in bending or rotation generally
still have relatively low stiffness. For these authors, this situation limits their
applications when high stiffness, strength, hardness and energy absorption are
desired simultaneously. They propose the use of auxiliary reticular structures as
reinforcements, combining them with almost incompressible flexible materials to
produce high-performance composites. However, in reality, as shown in Figure 1.25,
since one does not seek to have a material suitable for additive and active
manufacturing simultaneously, it is possible to cover a very wide range of densities
and mechanical properties (Zadpoor 2016). But the debate remains open.
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Figure 1.25. Different ultralight and ultrarigid metamaterials using various types of
repeating unit cells (see also Zheng et al. (2014)) — 1: graphene-containing
elastomers; 2: ultralight metal micro-meshes; 3: hollow alumina-based lattices;
4: foams containing carbon nano-tubes; 5: acrylic foam; 6: solid acrylic; 7: solid
alumina; 8: elastomers; 9: solid composite materials; 10: metals; 11: “hard” metal
alloys; 12: industrial ceramics

However, additive manufacturing technologies always play on an optimization
between a precision or a resolution on the one hand and an object realization time on
the other hand. On this observation, the definition of different metamaterial scales is
limited. Yildizdag et al. (2019) recall that multiscale architectures are designed to
achieve the desired macroscopic behavior by activating interactions between
different length scales and coupling different physical mechanisms. Research
perspectives are discussed by these authors in order to determine the most efficient
methodology needed to design new metamaterials that optimally meet a functional
specification. However, the number of spatial scales exploited is still modest.

Several examples of metamaterial structures can be found in the literature
(Masters and Evans 1996; Schumacher et al. 2015; Jiang and Wang 2016; Boydston
et al. 2018; Chen et al. 2018; Golaszewski et al. 2018; Ton et al. 2018a, 2018b;
Jackson et al. 2018; Jiang et al. 2018; Mirzaali et al. 2018; Alison et al. 2019;
Beli et al. 2019; Bodaghi and Liao 2019; Kadic et al. 2019; Lei et al. 2019; Yuan
et al. 2019; Vangelatos et al. 2019; Zhao et al. 2019; Jing et al. 2020; Manna et al.
2020; Naify et al. 2020; Rafsanjani et al. 2020; Tao et al. 2020). Based on the
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examples presented in this list of publications, there is, as can be seen, a solid
foundation for moving forward.

1.3.2.1.2. Auxiliary materials (meta-materials)

The error committed by the scientist is the product of the haste of his
desire, which decides to undertake an action when his understanding
has not yet sufficiently weighed the parties involved. (Willmann 2010)

Lattice structures have specific geometric characteristics reported to have a
negative Poisson’s ratio (auxetic metamaterial), that is stretching induces expansion
in the transverse direction, as illustrated in Figure 1.26 (Lim 2015; Saxena et al.
2016; Lei et al. 2019). Materials and structures with a negative Poisson’s ratio
obviously exhibit counterintuitive behavior (Ren et al. 2018).

Extension Compression

e - [ -

Classical material

(In gray: volume
= wwrpe |- -

‘ Auxetic material

Figure 1.26. Differences in the behavior of conventional and auxetic materials

The Poisson’s ratio v is one of two mechanical properties used in the description
of elastic and isotropic behavior of solid materials following the small strain
approximation (Goldstein et al. 2009). In the case of tensile/compression mechanical
tests, v is defined by the negative ratio of transverse strain to axial strain. Its effect is
of fundamental importance in the behavior of materials so that a variation in its
value leads to significant changes in mechanical performance. In the case of
isotropic materials, the value of v is defined according to thermodynamic restrictions
such as —1 <v < 0.5. Most materials have a positive v coefficient. Therefore, these
materials deform by a contracted or thinned cross-section when they are
longitudinally stressed.
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By analyzing the deformation mechanism associated with auxetic behavior, it is
possible to show that the macroscopic behavior results from a structure-related
effect due to a network of architectural or periodic reinforcements. Foams remain
the preferred domain of auxetic materials (Lakes 1987). Thermoplastic (polyester,
urethane), thermosetting (rubber, silicone) and metallic (copper) foams have been
reported by Friis et al. (1988) as auxetic. It is found that, in all cases, the value of the
Poisson’s ratio varies with strain, and values approaching the —1 limit for isotropic
materials have been reported in polymeric and metallic foams (Choi and Lakes
1992). As a result of this work, it has been possible to design stiffer materials for a
wider range of applications. For example, in 1989, Caddock and Evans discovered a
form of microporous PTFE (Poly-Tetra-Fluoro-Ethylene) foam exhibiting strongly
anisotropic and strain-dependent behavior, such that a Poisson’s ratio value as low
as —12 was observed in one direction.

1.3.2.1.3. Voronoi diagrams and 4D printing

The forms are passive insofar as they represent the actuality; they
become active when they are organized in relation to the bottom, thus
bringing the previous virtualities to the actuality. (Simondon 1997)

In mathematics, a Voronoi diagram or Dirichlet tessellation is a tessellation of
the plane into cells (adjacent regions) from a discrete set of points called “seeds”.
Each cell encloses a single seed, and forms the set of points in the plane that are
closer to this seed than to any other. The cell represents, as it were, the seed’s “zone
of influence”. As shown in Figure 1.27, to generate a Voronoi diagram, only certain
medians are used and not others: sites that are too far away are not taken into
consideration; then the useful segments form a triangulation or partition of the plane
known as the Delaunay diagram. In mechanics, a Delaunay triangulation structure is
considered to minimize the squares of the areas of the triangles. Counting the outer
boundaries, each site is inside a convex polygon. All points in this polygon are
closer to the inner point than to all other points. This is an irregular honeycomb
pattern. Voronoi diagrams can use more complex distance rules (power Voronoi
network) (Delaunay 1934; Preparata and Shamos 1985; Okabe et al. 1992;
Aurenhammer and Klein 2000; Baert 2003; Wormser 2008; Boissonnat 2010;
Mitchell et al. 2018).

One design route is to spatially distribute materials with different properties
within lattice structures to achieve desired mechanical properties. Advanced
multi-material 3D printing techniques allow for the design and fabrication of
multi-material cellular structures for which the elastic modulus and Poisson’s ratio
can be independently tuned in different directions (anisotropic) (Mirzaali et al.
2018). Seed distribution for additive manufacturing can be achieved by random
Monte Carlo firing methods that allow for spatial coverage. In addition, it is possible
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to define the oriented probabilities of the variable density type (case A in Figure
1.28) or preferred orientations in Figure 1.28 (case B).

Plot of the perpendicular bisectors of the segments formed by the close
pairs. Each joins one of the vertices of the polygon (Voronoi points)

3 1}': _____ ~ . i
=g
Mediator of segment; Convex polygon
o

Points and segments linking them to other nearby sites

Figure 1.27. Basics of Voronoi diagram construction

¢ e A (B)

Figure 1.28. Seed space coverage produced by
random firing: A: variable density; B: variable orientation

Lee et al. (2018) used Voronoi diagrams for tessellation applied to additive
manufacturing. But, to the authors’ knowledge, it is mainly Sylvain Lefebvre’s team
at INRIA (Martinez et al. 2018; Ray et al. 2018; Bedel et al. 2021) that has applied
this type of scanning to the realization of deformable objects. Figure 1.29 represents
some examples from this team, illustrating the possibility of creating structures,



42 4D Printing 2

optimized relative to the desired effect, inhomogeneous of metamaterials with
specific spatial functionalities.

Figure 1.29. Non-periodic metamaterials with optimized spatial functionality

Figure 1.30, taken from Martinez et al. (2017) from the same team, using the
hand as a mechanical actuator, illustrates the potential of auxetic foams shaped from
Voronoi diagrams using 3D printing.

Figure 1.30. “4D heterogeneous” application of auxetic systems

Publications envision the use of additive manufacturing technologies to create
auxetic structures (Schaffner et al. 2018; Bodaghi and Liao 2019; Kanu et al. 2019;
Sadeqi et al. 2019; Rafiee et al. 2020). Recall that recent advances in multi-material
3D and 4D printing should be able to be further exploited to extend the design space
beyond the now conventional geometries of metamaterials. It is then conceivable to
combine different materials and various additive manufacturing technologies to
create multifunctional objects that better meet application needs (with, for example,
multi-scale and multi-material structures; see Liu et al. (2021b)). Apart from the
possibility of incorporating multiple materials, it is envisaged by Zheng et al. (2016)
to realize fractal structures of meta-materials. In their publication, they use seven
scale changes, ranging from tens of nanometers to tens of centimeters. As a result,
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these micro- and nano-array materials can support more than 16,000 times their own
weight and exhibit a quasi-linear scaling between the structure’s density and its
Young’s modulus. In addition, the aspect ratio is increased.

Zadpoor (2016) reports that fatigue behavior studies of mechanical metamaterials
have focused on static, quasi-static or specific types of dynamic behaviors of mechanical
metamaterials. In the real situation of structural use of mechanical metamaterials, fatigue
behavior studies should be conducted.

Box 1.5. Functional fatigue

1.3.2.1.4. Modeling of deformations

Withdraw into yourself and look. And if you do not find yourself
beautiful yet, act as does the creator of a statue that is to be made
beautiful: he cuts away here, he smoothes there, he makes this line
lighter, this other purer, until a lovely face has grown upon his work.
So do you also: cut away all that is excessive, straighten all that is
crooked, bring light to all that is overcast, labour to make all one glow
of beauty and never cease chiselling your statue (Plotinus 2017)

Each structure and material combination leads to unique structural properties
such as stiffness, Poisson’s ratio and overall elasticity. The ideal input or bypass
force distribution mechanism could be suggested for the design of guards using
different shapes, thicknesses and auxiliary materials to reduce the risk of damage
(Yang et al. 2018). Related to homogeneous 4D printing, there is the possibility of
modeling displacements as a function of actuation amplitude and directivity
(Weeger et al. 2019; Liu et al. 2020c; Weeger 2021).

Compression Phase transition

Rearrangement of liaisons Towards an amorphous phase

Figure 1.31. Possible degradation of
metamaterials under mechanical stress
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However, as it has already been specified, these deformations must remain
within a linear behavior, in any case reversible. In the case of metal-organic material
systems, Troyano et al. (2021) remind us (see Figure 1.31) of the possible
irreversible fate of metamaterial structures, depending on the nature (and the

amplitude) of the solicitation.

1.3.2.1.5. Some applications of metamaterials

Increasingly, metamaterials are associated in the literature with additive
manufacturing and, in particular, with 4D printing. Table 1.3 gathers some recent

references concerning these particular structures and applications.

Element of expansion
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Figure 1.32. Reconfigurable connector for medical applications
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Figure 1.33. Relationships between the form of metamaterials and
mechanical performance (Metamaterials — MM1: density 0.001;

MM2: density 0.01; MM3: density 0.1)

Flexible connector
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Nature of the

. Comments References
deformation
Stents (see Figure 1.32) Van Manen etal. 2021
Reconfigurable Smart-robot (5 axes) Kim et al. 2019b;
connector Zhang et al. 2021b

Smart-sensor

Zhu et al. 2020

Active structure

Origami; kirigami;
electromagnetic propulsion

Ferromagnetic structures
Electroactive polymers

Mousanezhad et al. 2017,
Ning et al. 2018; Zhao and
Kim 2019; Jin et al. 2020;
Novelino et al. 2020; Chung
et al. 2021; Guo et al. 2021;
Liand Yin 2021; Ma et al.
2021; Zhang et al. 2021a
Kim et al. 2018

Tyagi et al. 2021

Relationship between
form and performance

Young’s modulus (see Figure 1.33)

Hierarchical architecture

Compression-torsion

Tensegrity
Different configurations

Jenett 2020
Coulais et al. 2016;
Ronellenfitsch et al. 2019;
Surjadi et al. 2019
Wang and Liu 2020;
Zhong et al. 2020;
Goswami et al. 2021
Yin et al. 2020
Meng et al. 2020;
Yang et al. 2020

Porous structures

Graphene-based structures

Zhang et al. 2018

Tunable performance

Shape memory polymers

Tao et al. 2020

Deformation and shape

Damping of
acoustic waves, vibrations

Rocklin et al. 2017;
Liu et al. 2020b; Wang et al.
2020; Xue et al. 2020

Pneumatics Auxiliary structures Zunker and Gonella 2021
Materials Different organic materials Kuang et al. 2020
Organometallic Hu et al. 2017b
Viscoelasticity Viscoelastic materials Dykstra et al. 2019

Table 1.3. Metamaterials and applications

1.3.2.2. Notion of “printability”

I am convinced that half of what separates successful entrepreneurs
from the non-successul ones is pure perseverance. (Jobs 2011)
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Additive manufacturing enables complex parts that are true to their design to be
manufactured in a single step. It aims to eliminate the need to assemble multiple
components, train a new workforce or set up new equipment, while minimizing
manufacturing time, wasted materials and energy. The available “library” of
printable materials and the range of properties represented is growing, but needs to
be expanded — for example, to include materials that have a variety of electrical and
thermal conductivities, or that swell when they absorb a solvent, etc. (Overvelde
2019). But, even if at the beginning, the materials that are going to be used for the
manufacture of a 4D object are compatible with each other, after their deposition or
placement that is associated with an energy input, there is nothing to say that their
behavior maintains cohesion between voxels of different origins — how then do we
perform “tenacious” solidarizations (hence the interest or risk of working with
heterogeneous 4D printing)? In the past, it was possible to use mechanical means
such as rivets, weaving, felting, interlocking, glues and cements. We can push “open
doors” with resins of the same family for 3D work using stereolithography (Katri
et al. 2020), but there are very serious issues associated with this notion: problems
related to the manufacturing process, the thicknesses involved with their internal
tensions (Altenhofen et al. 2018), and also to the physico-chemical and mechanical
interactions between the voxels. However, the consultation of craftsmen and
industrialists in the trade reveals constants in the bonding operations: preparation of
the surfaces to be assembled to promote the closeness between elements to be
connected, using the largest possible contact surface (Wang et al. 2021b), playing as
much as possible on the wettability of the adhesive so that it can spread in the area
to be bonded, exploitation of the surface condition to promote adhesion (see Figure
1.34).

This technology has a weakness related to the bonding of the layers formed during the
printing process. Gojzewski et al. (2020) defined a mapping of the contact Young’s
modulus across the layered structure with sub-micrometer resolution. They observed local
depressions with values up to 30% of the maximum stiffness at the interface between
consecutively deposited layers, indicating a local depletion of the macromolecular
cross-linking density. Even with a single base material, differences in mechanical
coefficients may exist, which may (or may not) favor voxel-to-voxel bonding and,
consequently, printability...

Box 1.6. Stereolithography

For Freund et al. (2019), the factors influencing the interface strength between
different materials are not well understood, so this complexity is rarely utilized,
which hinders innovation. A systematic approach to identifying and quantifying the
adhesion phenomena that influence interface strength is a necessary step if one
wishes to move beyond proofs of concept. For this reason, these authors propose
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experiments adapted to certain lines of action, such as roller peel tests and peel
strength of rigid and flexible materials. Polarity, mechanical locking and surface
roughness associated with the design of 4D structures have a great influence on the
interface strength of multi-material parts manufactured by extrusion (FFF
technique). In this example, criteria that mainly affect the interface strength are
deduced and design recommendations for creating functional parts with mismatched
material combinations can be formulated.

In the case of bonding, direct adhesion between materials occurs rarely, only
when the materials to be joined have completely smooth and clean surfaces that
allow intimate contact between the materials at a very small distance. It is therefore
not possible between two materials with rough surfaces since the contact area is
greatly reduced. The use of a glue (or adhesive), applied between the two materials,
will therefore allow the creation of a film that will ensure an intermediate and
intimate contact between the two surfaces to be joined (see Figure 1.34 inspired by
ISPA (2015)). Amorphous polymers present a structure without any particular
arrangement. The chains of molecules are intermingled in a disordered manner.
They are characterized by a glass transition temperature 7g. Above the Tg, the
energy is high enough for the molecular chains to become disordered. In this case,
the cooling conditions have no influence on the mechanical characteristics of
the material. The processing can therefore be done more easily compared to
semi-crystalline polymers. Amorphous polymers have weaker mechanical properties
than semi-crystalline ones. The reinforcing fibers, of which the most used in the
traditional materials are glass, carbon and aramid fibers, have a role of optimizing
the properties, especially mechanical, of the material (but also of surface). The
choice of the reinforcement is made according to the application and the required
characteristics.

On a practical level, positivism makes the programming of science
assured, but horizontal: when an idea is truly new, one usually only
has the most confused lights as to the means by which one may even
conceive of verification by experiment. (D’Espagnat 2015)

I — e SV

Smooth surface : no anchorage Optimal roughness: anchorage | High roughness: stresses in the
) | cavities remain empty

Figure 1.34. Roughness and mechanical adhesion
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Alternatively, flexible composite 4D actuators can be manufactured by
embedding SMA wires or fibers in flexible polymer matrices (Akbaria et al. 2021).
This manufacturing method can be complex as it involves multi-material printing.
Several solutions can be considered: deposition of a soft elastomeric layer on a more
rigid layer of SMP, homogeneous or not (see Rodrigue et al. (2017)). Depending on
the temperature, deformations of greater or lesser amplitudes can be achieved as
preferred axes of action. If nonlinear finite element models can be used to predict the
deformation of these actuators, nothing is said about the behavior in time of this type
of hybrid actuator. Normally, a good adhesion between the passive and active
elements is expected. However, if the expansion coefficients are very different
(bimetal effect), nothing says that the two materials will keep a sufficient cohesion
over time. This situation is even more critical when the two materials do not adhere
to each other. It is in these conditions that the notion of “printability” can be
introduced.

In the heterogeneous manufacturing processes discussed, we can have voxels of
“reasonable” size that can be connected to each other by mechanical means (Demoly
and André 2021b). However, this situation of classical (improved) mechanics no
longer makes sense with voxels of sub-millimeter size and it is then necessary to
examine whether the usable multi-materials are compatible with each other for
fabrication and whether they will have a high number of actuations. Indeed, tensions
between passive and active elements (which are responsible for the desired
deformation) can lead to micro-fractures during use, which can be amplified during
the loading/unloading time and cause the 4D performance to drop or even disappear.

Thus, this notion, which is not found in the work corresponding to “simple”
actuators, seems here to be a primordial criterion in the definition of a good 4D
actuator. One of the possible reasons is the small number of “multi-material” 3D
machines (see Thomas (2021)).

Antoine Le Duigou (2019) reports on the advantage of using natural fibers such as
those from flax, which he likens to nano-structured composites with very interesting
mechanical properties for 4D applications. Flax fibers are composed of cellulose,
hemicellulose and lignin for the most part. After suitable treatments, the moisture-active
properties can be measured and lead to spectacular 4D demonstrations. Other natural
fibers have similar properties (coconut, banana, wood, etc.).

Box 1.7. Natural fibers

1.3.2.2.1. Multi-material 3D machines

When we are not in the grip of a theory, we are all capable of juggling
multiple contextual, practical and semantic resources, according to the
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demands of situations, and we are not seized with dismay at the idea
that these situations may matter to others in a different mode. On the
contrary, it interests us, it enters our ruminations and activates our
imaginations. (Stengers 2020)

Rafiee et al. (2020) point out that a limited number of 3D machines are suitable
for using multiple materials (see their tables of commercially available multi-
material 3D printers and their specifications for polymers and biomaterials). They
present known results in a synthesis linking materials and processes without
introducing adhesion criteria between voxels from different materials. However, at
the end of their paper, they conclude with the following general points:

— Topological optimization can be used to propose new complex geometries that
are easier to manufacture by 3D printing than by any other process. Although
considerable progress has been made with multi-material 3D and 4D printing, the
potential has not yet been fully explored.

— The mechanical performance of parts made by multi-material additive
manufacturing is generally better than that of parts printed by single-material
printing. The formation of voids between successive layers of printed parts can
affect their mechanical performance due to a decrease in interfacial bonding between
the printed layers. Different mechanical behavior under vertical tension or
compression compared to that of the horizontal direction is another common
challenge of 3D printing processes.

— The efficiency of the production of parts can be an area of research to explore
with the mastery of post-processing methods adapted to the use of several materials.

— Most commercial multi-material 3D printers create parts from voxels of the
same size. However, obviously, for a certain functionality and, in particular,
mechanical strength (Young’s modulus, elasticity), different sizes may be required.

— Future processes could tailor the microstructure properties of a 4D printed part
to create more complex geometric transformations by strategically controlling the
density and directionality of the deposited stimulus-sensitive materials. They can
also improve the inter-material bonding of heterogeneous smart compositions, and
even ignore active or non-active material properties.

In these senses, the development of multi-material 4D printing can be the object
of decisive integrative research to accelerate the growth of the smart materials sector
dedicated to this field. It is not just about serendipitous encounters or process
modification (Muguruza et al. 2017; Toursangsaraki 2018).

1.3.2.2.2. Elements of “printability”
Better to be Socrates dissatisfied than a fool satisfied. (Mill 1988)
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If you judge a fish on its ability to climb a tree, it will spend its life
thinking it is stupid. (Vervisch 2020)

A literature review on this topic was conducted: out of more than 170,000
references on additive manufacturing, between 30 and 50 articles mention this
problem without one or more generic paths being formulated. Obviously, the youth
of 4D printing technology has not allowed this type of hindsight to generate all the
hypotheses, validate them and propose practical solutions to designers (see,
however, Mao and Anand (2018) and Ni et al. (2020)). Table 1.4 gathers the

collected elements.

Elements of “printability”

Materials

References

Inter-diffusion
between different voxels

Hydrogels

He et al. 2016

Shear effects

General framework

Peng et al. 2021

Polymer blend

Long and short chains

Zhang et al. 2021c¢

Linear polymers

Long chains

Zhang et al. 2020a

Surface condition

Interfaces between voxels

Freund et al. 2019

Bi-materials
(improved electrical properties)

CNT and graphene
polybutylene terephthalate
(PBT) nano-composites

Gnanasekaran et al. 2017

Control of phase transitions

Liquid crystal
elastomers (LCEs)

Saed et al. 2019

Temperature effects

Cracking of stressed polymers

Baek et al. 2021

3D CFD (Computational Fluid
Dynamics) modeling

Liquid-liquid system

Urhal et al. 2020

Shear strength and
thixotropic properties

Elastomer with magnetic
field dependent rheology

Bastola et al. 2018

Damping effect

Foams

Montgomery et al. 2021

Viscosity and
surface tension

UV resin loaded with
metallic nanoparticles

Saleh et al. 2017

Collage

Binding between voxels

Frascio et al. 2020

The process itself

Metals and non-metals

Wang and Liu 2014

“Sandwich” structures

Various extruded polymers

Moises et al. 2020

Intermediate binder

Coated fibers

Bodkhe et al. 2020;
Liu and Wei 2021

Fiber orientation
Surface tension

Fiber filled polymers

Ma et al. 2019;
Mantelli et al. 2019
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Prioritization of deposits

Polymers

Teoh et al. 2017,

! Scalet 2020;
Time between layers Cement
Weng et al. 2021
Extrusion mode Polymers Baca and Ahmad 2020

Debinding and sintering

Metals, ceramics

Gonzalez-Gutierrez

and polymers etal. 2018
Subtractive-additive coupling Robotics Mostafavi et al. 2019
Self-organization General framework Demoly and André 2021
Wave propagation Crystals in a polymer matrix Zhang and Wu 2021

Accession

Hydrogels

Lietal. 2021

Interfacial cohesion

Filaments

Lopes et al. 2018;
Fernandez et al. 2019

Cohesion

Tensile tests

Kluczynski et al. 2021

Table 1.4. Some elements collected on the “printability” aspect

Professionals are suspicious of amateurs. They are wrong. The latter
get it wrong with less method. (Lemire 2015)

The exceptional abilities of geckos to adhere to various surfaces are largely
credited to the large actual contact areas of the fibrillar and hierarchical structures of
their feet. These special features regulate the essential structural compliance for each
attachment and thus provide robust but reversible adhesions (Wang et al. 2013).
Figure 1.35 (taken from Wang et al. (2019b)) illustrates the principle of such a
system. It can be a torsional (Kang et al. 2017) or shear (Wang et al. 2013)

detachment process.

Cylindrical pin

Flat surface with pins

=)

Curvature of the surface to
separate the objects connected
via pins

Figure 1.35. Mechanical adhesion and de-adhesion
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Other methods have also been tested to change the adhesion values: temperature
in Xu et al. (2018) and a magnetic field in Li et al. (2018). These biomimetic
materials can therefore play an adhesion role and by different treatments see their
bonding power transformed for the disassembly of the 3D object’s constituent
elements, an advantage relative to the case of using polymer adhesives and the
maintenance of the adhesion material on the building blocks.

The adhesion of an interface could be activated and deactivated by the sole
interaction between hydrophilic functional groups, introduced by surface oxidation,
and the native AlO»3; oxide on the aluminum surface (Khongtong and Ferguson
2004). This interaction also acts as a driving force (enthalpy) to stretch the chains to
increase the entropy of the system, with functional groups being pulled away from
the elastomer/aluminum interface, resulting in the weakening of adhesion. The basic
science is developed in the paper, but practical solutions are not reached. The search
for a follow-up to this work was not successful.

In the absence of cyclic processes, according to Zhang et al. (2020a), the use of
inelastic dissipators often achieves strong adhesion (see Yang et al. (2019)). Good
fatigue-resistant adhesion is proposed by Zhang et al. (2020a) using a particularly
simple type of elastic heatsink consisting of long-chain polymers. Each polymer
chain remains elastic before it breaks. When a single covalent bond in the chain
breaks, the elastic energy stored in the entire chain dissipates, amplifying the
adhesion energy by the number of links in the chain. They obtain adhesion and
fatigue threshold energies that can reach 1,400 J/m? and 300 J/m?, respectively. This
fatigue threshold would be linearly proportional to the square root of the chain
length, in agreement with the Lake and Thomas (1967) model. This fatigue resistant
design could be advantageously extended to the association of voxels of different
origins as long as a suitable 3D process is available.

Freund et al. (2019) proposed a set of criteria to consider when thinking about
the adhesion of voxels to each other. This set, building on the work of Awaja et al.
(2009) and Mohamed et al. (2015) is the subject of Figure 1.36 (see also Nguyen
et al. (2018), Alief et al. (2019) and Ando et al. (2021)). These are elements that will
need to be examined on a case-by-case basis in combination with others yet to be
considered.

On the other hand, Zhao et al. (2021) used hydrogels, composed of non-
covalently cross-linking 3D polymer networks and water. The fatigue behavior of
these conventional materials in 4D printing was studied. With poly(vinyl
alcohol)/poly(acrylic acid) (PVA/PAA) gels with weak hydrogen bonding (called
weak gels) and PVA/PAA-LICl gels with strong hydrogen bonding (strong gels),
they show that for fatigue damage of uncut samples, the weak and strong gels are
amplified by fatigue for small deformations (rearrangement of the hydrogen bonds
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induced by stretching), but with fatigue damage effects in case of large deformations
by the sliding of the polymeric chains, one over the other. For the fatigue failure of
pre-cut samples, the weak and strong gels do not present any measurable fatigue
threshold for these authors, but the strong gel can attenuate the growth of cracks.
These results reveal that intrinsically weak non-covalent bonds cannot effectively
increase the fatigue strength of physical hydrogels. More generally, Zhou et al.
(2021) have practically investigated the effect of stresses on materials on fracture
mechanisms. Zhang et al. (2015¢) and Bai et al. (2019) had, on the other hand,
studied the same phenomena of elastomeric materials splitting under stress.
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Figure 1.36. Fishbone diagram of factors of influence
concerning the interface strength of multi-material voxels

Regardless of these more or less predictable, but disparate aspects, Melanie
(2020) reports that optimization involves a printability analysis corresponding to the
evaluation of the part before printing. The AMFG enterprise reportedly includes a
feature in its software package that ensures that a part to be manufactured is truly
suitable for 3D printing, whether in terms of stability, shape or resilience.

1.3.2.2.3. 4D printing and functionality

Throughout this book, we have been talking about the form and functionality
given to a material that must be thought of as a complex but structured system.
However, a further analysis of the literature shows very few references where the
active material (apart from materials dissolved in printable media) is concerned with
anything other than changes in form. However, Table 1.5 gives some examples of
changes in functionality.
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Change in functionality References
Electromagnetic properties Wu et al. 2020
Piezoelectricity Nkomo 2018; Tang et al. 2021
Nanotechnology, color Zhang et al. 2021
4D and power supply Teng et al. 2021
Temperature sensitive color Chen et al. 2021a

Table 1.5. 4D printing and feature changes

1.3.2.2.4. A return to aspects of self-organization

The truly good and wise man will bear all kinds of fortune in a seemly
way, and will always act in the noblest manner that the circumstances
allow. (Aristotle 2012)

An intentional artifact (related to the work of the engineer and/or designer) can
be considered as a means of linking an “internal” environment, the substance,
functioning and organization of the object itself, and an external environment, the
surroundings in which it is implemented. If the two environments are in a
compatible situation, the artifact meets the specifications. As Simon (2004) pointed
out in another framework, knowledge of an artifact such as a machine:

has an advantage over knowledge of nature, because it is based on
valid prior foundations, the purposes of which will be deviated from
with a certain amount of intentional novelty to give the projects
intelligibility and openings to society.

This can be true for 4D printing of single-materials, we have just shown that it is
not quite the same for associations of materials.

The term “self-organization” refers to the spontaneous/stimulated formation of
a dynamic nature leading to forms of organization resulting from a set of
homogeneous or non-interacting units. Self-organization results from large-scale
structures based on microscopic chaotic motions and small-scale random
fluctuations (Lebedev 2012). After placing energy in the right place at the right time
in a given environment, the initial system under stress organizes itself to achieve a
form, if possible sought by the experimenter (Moreno 2004). From a thermodynamic
point of view, this “shaping” supposes that the transport of matter and energy
between the system undergoing transformation is functionally constrained in the
absence of external energy input. As the object changes, there is an appearance of
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causality (universal laws of physics), which can be represented by a kind of
selection between several possible alternatives (Campbell 1974).

Thermodynamics describes the change of a system from an initial state to a final
equilibrium state, without taking into account the transitions. In fact, it is the path
and “distance” of the system from its final equilibrium that generates and maintains
the structural complexity found in living organisms and sought to be replicated with
“non-living” matter (Monteiro 2018). Dissipative structures are processes in which a
fluctuation stabilizes to form a dynamic macroscopic configuration enabled by the
flow of energy through the system under construction. These macroscopic structures
require a continuous supply of energy of an amplitude adapted to its coherence:

The term “self’-organization implies a spontaneous creation of order
or organization rather than an agential identity capable of determining
or constituting itself in a sense that implies functional plasticity.
(Alvaro 2004)

It is basically to respect this comment by Bruter (Le Moigne 1994), who wrote:
“The events shape with the time the object, it is above all to have pierced the secrets
of its history, of the lineage of which it is, at the same time, the result and a
projection”.

Even if, by some extraordinary chance, you were to stumble upon her,
how would you know it was her, since you have never known her?
(Socrates 2021)

Order is only a random special case of disorder. (Schiffter 2019)

In Demoly and André (2021), we considered the possibilities of local
manipulation of matter by different forms of energy, with this matter being
activatable with the ultimate goal of realizing 3D shapes meeting industrial
requirements. This field of “morphogenetic engineering”, according to Doursat et al.
(2013):

explores the design, implementation, and control (directly, through
programming, and/or indirectly, through learning or evolution) of
complex system agents capable of autonomously and reproducibly
giving rise to large, heterogeneous architectures that will support a
desired set of functionalities, without depending on central planning or
external control.

Indeed, it is necessary to control the parameters presented in Figure 1.37 in order
to achieve an operating efficiency that enables the precise realization of a 3D object.
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Figure 1.37. Influence of self-organization
parameters on additive manufacturing

For those who study the intrusion of temporal and functional aspects in additive
manufacturing, systems have been fully determined for a long time. But, as
“self-organized” phenomena, they can become sensitive, far from equilibrium, to
factors considered negligible near equilibrium. It is the intrinsic activity of the
increasingly complex system, with its increasingly nonlinear behavior, that would
determine how it is possible to describe its relationship with the environment, and
that would generate the type of intelligibility that would be relevant for
understanding its possible histories. In this chapter, it was not only a field of
application with its constraints, but also a theoretical field to be attacked in order
to solve the equation finality/means to achieve it in a robust way. However,
the inability to master the inverse problems associated with the aspects of
morphogenesis presented in this reflection could (should?) have closed the debate.
There is no realistic solution today for the realization of precise 3D objects by
self-organization, starting from a certain disorder to reach a desired order!

Self-organization brought the idea that a stable and reproducible form
can be the product of a balance of local rules and randomness. These
are collective phenomena, since they are irreducible to one or more
elements taken in isolation. (Petitgirard 2014)

On the other hand, in the situation considered here, we are trying to explain
losses in performance that could originate from an order-disorder transition
following a stimulation (which, obviously, is in line with the evolution of the
entropy of a system). What we recalled is that in the case of systems with several
degrees of freedom, not all attractors are equal: some aim for greater stability, others
for greater growth potential. However, the dynamics involved do not necessarily
lead to the most stable state: the system that follows the fastest path may reach local
areas of stability. It is then possible that a certain reversibility of the processes is at
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work: the actuator does its job! But, after a certain number of actuations, this path
will generally end with a global minimum of potential, and not with the local
minimum (see Figure 1.38).
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Figure 1.38. Considered energy degradation processes

When some change occurs in nature, the quantity of action necessary
for this change is the smallest possible. (Moreau de Maupertuis, cited
in Lemire (2015))

One way to get the system out of a local minimum is to add a degree of
indeterminacy to the dynamics, that is to give the system the possibility to make
transitions to states other than the one that is the most “adapted” locally. It is at this
level that the concept of “printability” takes on its full importance by preventing this
degradation. This can be seen as preventing the injection of “noise” or random
disturbances into the system, allowing new trajectories. In physics, this is usually the
effect of external disturbances (e.g. vibrations or shocks in the system) or intrinsic
indeterminacy (e.g. thermal or quantum fluctuations, or simply unknown factors that
have not been incorporated into the state description).

The deeper the “valley” representing free energy, the harder it will be for a
disturbance to move a system out of that valley. Therefore, noise will generally
move the system out of the shallower valleys and into the deeper valleys (a form of
determinism). However, a system subjected to noise will never really settle into a
local or global minimum, because no matter what energy level it reaches, it can
always be perturbed with the risk of reaching more energetic metastable states. The
actuator will be unstable and probably of modest interest!
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By considering polymers of different chain lengths (as found, for example, in
natural rubber), Gros (2016) considers both the thermodynamics and the
inhomogeneous entangled characters of the polymeric network. Polymeric chains
orient and crystallize as the system deforms under stimulation (in this case
mechanical or thermal). Crystallization under stress would occur from successive
states of matter whose characteristics and threshold extensions of crystallization and
melting depend on the initial chain length distribution. A scenario for the evolution
of the chain network organization, with varying degrees of cross-linking, involves
the critical and entanglement molar masses and the stress rate. Qualitatively, it is
possible to go from an unstressed state to a deformed state, but the return to the
initial situation is never total (hence the fatigue problems).

These broadly outlined elements can serve as an explanatory basis for undesired
phenomena. But, for the practitioner, it is necessary to go further than this global
explanation which can make people understand, but not solve problems which are
likely to be critical in the near future.

1.3.2.2.5. Fatigue and return to equilibrium of high entropy materials: aging

Top-down logic is not made to enrich knowledge and adapt it, but on
the contrary to tighten and reduce it. Once the premises have been
established, there is always one solution and one solution only, and
this solution is imposed in the name of one principle and one principle
only: consistency. At the end of the decision-making chain, the
executors are then considered as a burden: they impede the limpid
formal beauty of the process put in place. (Crozier and Tillette 2000)

In the spirit of what has been presented above, it is for example possible to
deposit fibers of different materials included in oriented polymers in a shear field, as
shown in Figure 1.39. The order parameter of these materials can then approach
unity. The classical stimulation is the use of moisture to evolve the fibers in their
medium (see Wang et al. (2018, 2020), Le Duigou et al. (2019, 2020a, 2020b), Zou
et al. (2020), Armstrong et al. (2020), Cohades and Michaud (2020), Balla et al.
(2020), Bernard et al. (2021) and Cera et al. (2021)). But, after several round trips,
we can imagine that the fibers will slowly return to a more thermodynamically
stable configuration, thus with an order parameter approaching zero. This
phenomenon is probably associated with the creation of fractures/cracks in the
support material... (Liu and Moran 2021). Internal shear occurs when the fibers
slide over each other during deformation. To maximize strength and avoid failure
through this creep process, the longest possible fibers with the highest realistic load
density would probably be appropriate (NAP 2019a). Thus, 4D properties are likely
a function of the number of cycles they are cycled through, without much citation of
this in the literature, which is still in its infancy.
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Figure 1.39. Degradation of the 4D properties of fibers induced
by the degradation of the S order parameter during use

Zorzetto and Ruffoni (2019) remind us that helical fibers can form building
blocks (already used by nature). These materials arranged in multiple layers lead to
biological structures with good and durable mechanical properties. With synthetic
structures combining fibers and fibrils, they show that the fracture strength can be
improved if fibrils are oriented perpendicular to the applied load.

1.3.2.2.6. A hybrid “printable” 4D printing

The numerical discretization of all movements in individualization
makes it possible to sum, process, calculate, and model them by
producing categorical attractors. (Stiegler 2004)

Sertoglu (2021) reports a recent process of depositing in a given shape a layer of
a filler, possibly consisting of fibers, with a high filler density on a flat surface. In a
second step, a liquid resin is deposited on the entire object under construction. What
is not mentioned by this author is that this material has good activation properties by
energy stimuli. A layer of charge is then deposited, etc. The difference with what is
found in the scientific literature is that we “work backwards”, the charged areas
constitute passive structures (because the charges present prevent any local
deformation, while accepting global deformations), the areas without charges
constitute the active areas. Moreover, it is possible to have free zones without
elastomeric material, loaded or not. The principle of this 4D construction is shown
in Figure 1.40.
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Figure 1.40. 4D “reverse” hybrid with passive loads

1.3.2.2.7. A study path

Moore et al. (2020) proposed a stereolithography method to realize assemblies
made of different materials. This technology, among others, can be exploited to
realize composite prints allowing studies of aging, either under mechanical
stimulation or under specific stimulation associated with at least one of the
materials. This practical work has interest for real applications.

1.4. Stimulations of matter

Culture concerns objects and is a phenomenon of the world; leisure
concerns people and is a phenomenon of life [...]. Culture is
threatened when all objects and things in the world, whether produced
by the present or by the past, are treated as pure functions of the vital
process of society, as if they were only there to satisfy some need.
(Arendt 1989)

We have tried to progress in this chapter from classical actuators to effectors, leaving
behind the central question of energy-matter interactions which must manage the temporal
evolutions of 4D objects in terms of form or functionality. We must be consistent with the
title of the chapter: “Getting things moving”! However, these physical, physico-chemical
and/or chemical interactions have already been approached, without being studied in
depth. They will be only partially explored, so vast is this domain that they could

constitute a whole library.

Box 1.8. Stimuli-materials interactions
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4D printing involves the use of “smart” materials with possible changes in form
or functionality via additive manufacturing processes. Stimulus-sensitive materials,
stimuli and characteristic times required for the transformation to occur are key
research areas (Manikandan et al. 2021). This chapter focuses on the materials and
methods used to make adaptive structures. We will not revisit the most common
processes used, which are stereolithography (SLA), fused filament fabrication
(FFF), material jetting, selective laser melting and direct ink writing (DIW) (see for
example Bodaghi et al. (2017a)).

One of the first goals is to try to get out of this opposition between the
morphology of an artificial structure desired by the designer, designed digitally in
advance and manufactured from one step to the next (current case of additive
manufacturing) and a system that can develop over time thanks to the interactions
between the different parts made up of informed materials of the structure, which we
know generally leads to forms that are weakly structured enough to allow for
evolutions. But is it possible? However, engrossed in the certainties of their
scientific paradigms, a number of researchers are constantly ploughing the same
furrow. What the authors wanted to do in this article was to approach the way of
thinking like a detective or explorer by examining (no doubt with great naivety)
whether it is possible to discover exceptions to the accepted laws, to reach the limit
of the accepted theories (Lévy-Leblond 2020).

1.4.1. Programmable matter

Perhaps the simplest way to symbolize the permanent form of our life
is as follows: it is determined by the pressure exerted on us by objects
and circumstances, by nature and society, as well as by the reactions
of our freedom, which abolish this pressure or allow themselves to be
violated by it, fight it or avoid it [...]. This is perhaps the major
complication of our life: what limits its spontaneity and oppresses its
free upward aspiration is at the same time the indispensable condition
for this aspiration to action to reach a visible expression, a creative
activity of form. (Simmel 1990)

Molecular motors whose movement is induced by external energy inputs
constitute an archetype of what can be programmable matter. As early as the 1950s,
Richard Feynman predicted the development of molecular nano-machines, such as
those made by Jean-Pierre Sauvage in 1983 when he invented a chemical method
allowing two molecules in the form of rings to be intertwined, thus forming a chain
named catenane (Collin et al. 2001; CNRS 2016). Through electrical or light
stimulation it has been widely shown that it is possible to drive the rotation of a
molecule in a controlled manner, similar to an engine. We can therefore consider
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these examples as already representative of what could be the programmable matter,
which has been the object of interest of researchers for only a few years, without it
being possible to identify a trend (linear or exponential) in the growing number of
publications associated with the keyword “programmable matter” (see Figure 1.41).
The total number of publications provided by the CNRS database is in the order of
1,000 (which should be compared to the 150,000-200,000 concerning additive
manufacturing).

Theme of ‘Programmable matter’
2000 4
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1800

Exponential trend
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Figure 1.41. Evolution of the number of publications under the
theme of “programmable matter” (according to the CNRS database)

By focusing on 4D printing, it seemed necessary to quickly examine this
research field and then leave it to get closer to the concept of a connection between
voxels, which effectively implies the notion of additivity. It is therefore necessary to
have at least two molecules (or two voxels) in order to start talking about additive
manufacturing. Indeed, the concept of programmable matter allows us to consider
applications such as the remodeling of an object or to test different possibilities of
actuation. According to Catry et al. (2020), this assembly can be realized in principle
easily according to the needs of the designers. They propose several solutions based
on self-reconfigurable modular robotics. A POC has been realized for a catome
with links between voxels of electrostatic origin. However, if the shape is achieved,
the mechanical strength of the realized structures can still be improved (see
also Di Luna et al. (2017), Yue et al. (2018), Zakharov and Pismen (2019),
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Almethen et al. (2019), Yigit et al. (2019), Liu et al. (2020), Gastineau et al. (2020),
Piranda and Bourgeois (2020), Qi et al. (2020), Dolev et al. (2020) and Yang et al.
(2021b).

The basic principle is to associate elements, as shown in Figure 1.42 from Catry
et al. (2020).

Isolated catomes Organized catomes

Figure 1.42. Voxel after voxel association for
realizing a possible evolving object

1.4.1.1. Starting from the material

Linking with others: “This question matters less for social endurance
than for the partial interdependence between heterogeneous partners,
the ontological choreography where each one needs not others in
general, but some others, perhaps himself, where each time in his own
mode, each one has to pass through others to accomplish himself”.
(Stengers 2020)

We have already mentioned Stéphane Leduc who, more than a century ago,
wrote: “The elementary act of life is diffusion and osmosis” (see Thuillier (1980);
see also Haudin et al. (2018)). The methods considered are often thought of as
deterministic: the phenomena are controlled by laws, which must be discovered and
applied as faithfully as possible. On this basis, it is possible to think that we will be
able to control matter, in its most intimate elements, so that it transforms itself to
achieve a given form and functionality. This is what was presented in the previous
section.

Historically, DNA origami makes arbitrary shapes out of pieces of DNA. It was
developed by Paul Rothemund, from Caltech, USA, in 2006. The chemical
properties of the molecules that make up DNA, the nucleic bases, are well known. It
is known that such and such a part binds to such and such another by “Watson—
Crick” bonds, and from this principle, one can manage to model 2D or 3D
structures. Rothemund’s technique uses a long chain of DNA from a virus, with a
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linear and relatively uncomplicated structure, whose sequence is known exactly.
Then, by computer, the precise places where the DNA molecule must be folded to
arrive at the desired shape are located. We then synthesize small “pieces” that will
link themselves exactly where we want them to, to “pin” the viral genome.

Only these “staples” need to be synthesized, the basic material being borrowed
from nature, and the operations are therefore both less costly and less time
consuming. These small staples will then, by the play of chemical bonds, cling to the
scaffolding chain. Moreover, as these staples will also attract other molecules, they
will bend the central DNA strand and give it a particular shape. It is from this
folding that the original name DNA origami is derived. In Rothemund’s publication
(2006), images of variously shaped constructions that he made were presented. The
most original are probably the world map, the snowflake and the smiling man. Of
course, there are not only drawings that can be reproduced with DNA. Hao Yan’s
team has managed to create closed 3D shapes (Han et al. 2011; Sawyer 2011, and
Figure 1.43).

Figure 1.43. DNA origami (nanometer size)

Since then, nano-motors of a few nanometers (Dureuil 2013) with controlled
direction of rotation have been developed:

The rotor is made by five ferrocenes connected to a central phenyl,
while a ruthenium in the center acts as a rotation axis. Finally, the
whole assembly is lifted by three feet and tiols to grip the molecule to
the surface. (Dureuil 2013)

These spectacular molecular machines are animated by movements under the
action of an external stimulus (nano-motors, nano-elevators, nano-pins,
nano-transporters). Their use, due to their extremely small size, raises the question
of the energy input (stimulus) and its mechanical recovery. However, applications in
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drug delivery are currently being developed (Medina-Sanchez et al. 2018; Bandari
et al. 2020). Other applications, shown in Figure 1.44, of these nanoscale entities
are being considered by Julin et al. (2018), Woods et al. (2019) and Novotny
et al. (2020).

Chemical synthesis
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Figure 1.44. Application areas of nano-machines

Once science begins to understand how nature has selected certain forms and not
others, both in the physical and biological worlds, it can seek to apply/transpose the
corresponding mechanisms to solve engineering problems that are of interest in the
manufacture of artifacts, tools or final objects. The wide variety of applications
given to a generic form such as the manufacture of a functional object is not inspired
by what nature does, and it is interesting to examine whether knowledge about
“morphogenesis” can be used to achieve the desired form by (rather stimulated)
self-organization (Baquiast 2004). As early as the 1950s, Richard Feynman
predicted the development of nanomolecular machines, such as those of Jean-Pierre
Sauvage, a recent Nobel Prize winner, who invented a chemical method to
intertwine two ring-shaped molecules (called catenan). Figure 1.45, taken from
Sauvage (2017), shows some examples of such systems.
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Figure 1.45. Examples of molecular machines and their movements
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This is always a difficult problem in the case of linear systems which are
generally ill-conditioned (see Mugnier (2008)), especially with noisy signals. This
being the case, the stakes are high, as mastering the inverse problem can be an
integral means of realizing an object from an easily realizable matrix whose
deformation as a function of time or supplied energy could enable the realization of
a complex-shaped object. Thus, according to Sussan (2011), it is now possible to
create DNA Origami by computer. But it is already less satisfactory when we
become interested in larger elements, since the number of chemical bonds to be
considered increases with the power of three of the size (see, for example, Zentel
(2020), Sanchez (2011) and Kotov (2017)). It does not yet seem possible to develop
systems in which the object would be “entrusted” with a form of intentionality, thus,
in the limit, leaving it the choice to look for what it needs to make itself, and thus
pass self-organization with the selection of the necessary elements that it would
extract from a “bank” for the construction of the final object.

However, these exciting aspects are still anecdotal (but more work needs to be
done before we abandon this avenue). Another example is that of self-repairing cell
growth, adapted to hydra, but not directly to humans. Turing (1952) showed how
reactions between chemical substances coupled with a diffusion-reaction process of
these substances could give rise to the appearance of specific structures or
regularities (spots on a coat, shape of a shell, etc.). Will we ever be able to complete
and experiment with his mathematical model of “reaction-diffusion equations” to
create well-defined objects? The road does not exist yet, but... Besides, we have not,
in Demoly and André (2021), found the right way!

Independently of this aspect linked to a spatial change induced by a stimulation,
we find all the molecular chemistry which is largely out of the context of this work.
However, and because the color change is mentioned in 4D applications, we have
chosen to quickly present some photochemical reactions, including photochromic
reactions. Photochromism corresponds to a reversible reaction of a chemical species
between two forms, A and B, induced by light for the transition A -> B with a return
B -> A, which can be photochemical or thermal. The transition between the two
species can be manifested by various changes such as refractive index, solubility,
viscosity, wettability of a surface or dielectric constants. This phenomenon can be
observed in both organic and inorganic compounds (see, for example, Crano and
Guglielmetti (1999), Diirr and Bouas-Laurent (2003), Irie et al. (2013) and
Knyazhanskiy (2018)).

Moreover, nature, even if only via DNA or RNA knows how to dispose of
information and is able to process it through chemical or biochemical pathways,
within a reaction network (Dramé-Maigné et al. 2019). According to Ahmady
(2017) “molecular computing” is defined as “the processing or storage of computer
data using circuits or components made of living or non-living molecules, replacing
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traditional materials such as copper or silicon”. The idea is to use the properties of
molecules: charge, structure, volume, polarity... to design new computing and
storage models. Using these principles, it is in principle possible to:

find a solution to a combinatorial search problem (using all
combinations of molecules, and their hybridization, which realizes, in
a way, a parallel computer), but it is also possible to create “logic
gates” (“logic switches”, at the basis of computer science, such as
AND, OR, XOR...) by relying on the links between DNA molecules.
(VMF214 2017)

Many scientific studies explore the potential of molecular circuits to optimize
modern technological tools. Examples of programming based on these principles
have already been published (Pevzner 2010; Fujii and Rondelez 2013; Thubagere
et al. 2017; Zadorin et al. 2017; Cherry and Qian 2018). Thus, with a small number
of molecules or macromolecules in a network, these authors show the possibility of
considering information processing through other routes than the current systems. If
this field is clearly outside the authors’ competence, this vision fits perfectly into the
“4D doctrine” and should be followed up (monitoring), and there should be joint
reflections with information science specialists to increase the applicative potential
of the field, which, moreover, could lead to a large gain in legitimacy.

1.4.1.2. Starting from ordered voxels

Manufacturing differs from action in that it has a definite beginning
and an end that can be fixed in advance. (Arendt 1989)

The current scientific context does not mean that the spontaneous complexity
that was discussed above is abandoned, but that the engineer and/or designer is
trying to regain control over autonomous phenomena that are difficult to control by
accepting the manipulation of non-living matter and energy so that the initial forms
adapt to their will. On the basis of KIS (“Keep It Simple”), publications either deal
with deployable objects based on deformable origami, or with 3D objects containing
matter that can be activated by different stimuli (pH, heat, light, electromagnetic
field, etc.). We are therefore moving from a global approach to a more traditional
methodology: creation of a 3D part using different methods, including additive
manufacturing with active materials, followed by localized stimulation in space and
time to change the 2D or 3D shape of an object.

1.4.1.2.1. Nanometric aspect

A world transformed by the mind does not offer to the mind the same
perspectives and the same directions as formerly; it imposes entirely
new problems, innumerable enigmas. (Valery 1931)
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More than 25 years ago, the advent of near-field microscopy changed the
landscape of condensed matter research. Based on the detection of a signal from a
short-range interaction between a fine probe (a tip) and the object of study (surface,
nano-objects, etc.), these microscopies have not only enabled the observation of the
nanoworld, but also permitted the nanostructuring of surfaces.

Thus, in addition to their major role in surface physics and
physicochemistry, these microscopies have become essential in many
current research fields, such as molecular electronics, spintronics,
superconductivity, nanostructure optics, nanoplasmonics, mesoscopic
physics, etc. (INSP 2020; Tian et al. 2020)

But, for the most part, it is about moving atoms on the surface, rarely in volume.

1.4.1.2.2. Centimetric aspect

Intellectual judgments are regulated by emotions, not dispassionate
analysis, and the goal is to minimize threats to the “self”. (Western
et al. 2006)

It has just been shown that it is possible to chemically produce nanometric
structures whose shape changes in the presence of a stimulus. But to reach
centimetric dimensions, we can imagine the difficulty of chemically manufacturing
a molecular or supramolecular assembly that would contain about 10?? atoms! So, it
is possible to use elements of reasonable size that can be moved to achieve a given
shape. These small robots are assembled and disassembled according to the
programming that organizes their movements. This is how the cubes of Daniela Rus’
team at MIT move to create real 3D structures, but still with a very limited number
of voxels, as shown in Figure 1.46 (Gilpin et al. (2012); see also MIT (2019)).

Figure 1.46. Example of 4D printing using
cubes (according to Sussan (2014))

The technology for the programmed assembly of homogeneous or heterogeneous
modular robots is still in the research stage (Fischer et al. 2014; Thomas et al. 2014;
Bakarich et al. 2015; Biickmann et al. 2015; Crawford 2015; Li et al. 2015; Abtan
2019, etc.). Indeed, as soon as the number of robots increases, the programming of
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their movements must avoid collisions, while optimizing the travel times of each
of the mobile entities (André 2017), whether for intra- or inter-reconfigurations (Tan
et al. 2020).

1.4.1.3. Origami

Evolution, it is said, calls for mutations that allow us to survive and
adapt to a new environment, now described as unstable, complex, and
uncertain, and in relation to which our societies are constantly accused
of falling behind. (Stiegler 2019)

If it is interesting to examine how to use this knowledge on Turing’s
“morphogenesis” to reach the desired form by self-organization. The resolution of
the inverse problem, applicable to the direct manufacturing of objects, remains to be
done... (Demoly and André 2021). In this field where complexity reigns supreme,
we return to the pillars from which we can advance: additive manufacturing, or even
more simply, origami (see Tenzeris et al. (2016)). In the latter case, the folding areas
are printed (in 2D) using an active material that will fold and unfold the origami,
turning it into an externally activated robot (see Figure 1.47).
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Figure 1.47. Operating principle of a thermomechanical origami

Recall that one of the advantages of additive manufacturing is that “complexity
is free” (André 2017). So, the deposition of an active material that will promote the
spatial transformation of an originally planar structure may not be homogeneous,
thus orienting the deformation in privileged directions. To come back to 4D printing
itself, the “simple” solution of the engineer can also consist of the use of an active
mono- or multi-material assembly with an additive manufacturing medium
associated with a system allowing the movement: SMA, external actuation by
pressurized gas, stimulated boiling of a liquid included in the material matrix, etc.
From an “esthetic” point of view, this is basically improved 3D (but it works, as
shown by the experiments carried out over 30 years ago on shape memory
actuators!). So, to achieve “exciting scientific 4D printing”, you just need to involve



70 4D Printing 2

at least one active material in the additive manufacturing process. Any 3D
technology can be used as long as (1) the active material does not lose its properties
during the fabrication process and (2) they have the ability to print multiple
materials.

For example, researchers at MIT (Hardesty 2015) have produced a small robot
prototype capable of amazing feats. Indeed, this machine is capable of adopting
different shapes, moving, carrying loads... capabilities that hint at many future
applications. Halfway between an origami and an actuator, this small robot is indeed
capable of folding in on itself in order to adopt different shapes (Ranosa 2015). But
this amazing contraption is also able to walk, swim and carry loads heavier than
itself before self-destructing in acetone (see Figure 1.48). Other origami inspired
systems have been published recently (see Schulz et al. (2017), Abtan (2019),
Callens et al. (2019) and Liu et al. (2019)).

Figure 1.48. Origami robot moving an object (from start to goal)

R

According to Hornyak (2019), robots without control by a CPU have been realized at
MIT. The robots are connected by magnetic force and move by expanding or contracting.
They use local measurement of light flux to decide when to start an expansion or
contraction cycle, thus forcing the units to move in groups. This 2D extension can allow a
“physical” simulation of the functioning of living cells.

Box 1.9. Small robots

1.4.2. Materials for 4D printing

It seems to me, then, that knowledge is nothing else than the
perception of the connection and propriety, or of the opposition and
disconvenience which lies between two of our ideas. (Locke 2019)

Several methods can be selected in terms of reversible movements with different
stimuli external to the 3D object (e.g. Sossou et al. (2019a, 2019b) and André
(2017)):
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— Polymers sensitive to moisture, heat: either the polymer absorbs water or loses
it, its density changes with a possible shrinkage (swelling/contraction). There are
also reversible systems sensitive to heat (SMPs) with changes in density.

— Photochemical muscles: irradiation induces internal rotations in the material
(classic example of azobenzene), which contribute to modifying the geometry of the
irradiated area, leading to deformations that depend on the luminous flux received;
these can be reversible if photochromic materials are available (reversible
transformation).

— With multi-material systems, it is possible to play on the difference in behavior
of materials with a stimulation to produce “bilayer effects”.

— With charged materials, an electromagnetic field can induce a charge
orientation leading to a desired deformation of the 3D object, etc.

1.4.2.1. Active materials

Unidirectional thinking is systematically favored by policy makers
and their suppliers of mass information. Their discursive universe is
full of assumptions which find their justification in themselves and
which, repeated incessantly and exclusively, become hypnothic
formulas, diktats. (Marcuse 1964)

We examine here how materials can be sensitive to a stimulus, independently of
the additive manufacturing processes. Indeed, given the proposed manufacturing
method, it is possible to introduce voxels in active materials into the object without
them coming from additive manufacturing. The main information comes from:
https://www.hisour.com/fr/electroactive-polymers-42852/.

Electroactive polymers, or EAPs, are polymers that exhibit a change in size or
shape when stimulated by an electric field. The most common applications for this
type of material are in actuators and sensors. A typical characteristic property of an
EAP is that it will undergo a large amount of deformation while maintaining large
forces (Bar-Cohen 2004; Lendlein 2010; Hu et al. 2012; Hager et al. 2015; Duduta
et al. 2019; Lendlein and Gould 2019).

The majority of historical actuators are made from piezoelectric ceramic
materials. Although these materials are capable of withstanding large forces, they
typically deform only a fraction of a percent. In the late 1990s, it was demonstrated
that some EAPs could exhibit up to 380% strain, which is far more than any ceramic
actuator. One of the most common applications of EAPs is robotics in the
development of artificial muscles (Maziz et al. 2017; Wang et al. 2017); thus, an
EAP is often called an artificial muscle. EAP exhibiting a reversible transformation
characteristic can have several configurations, but is generally divided into two main
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classes: dielectric (Du et al. 2015) and ionic (Carrico et al. 2019). Table 1.6 brings
together the knowledge and properties of these materials. Figure 1.49, from
Ganet-Mattei (2018), positions these compounds in a Young’s Modulus-strain

diagram.

Functionality

Comments

Electrostrictive polymers
and dielectric elastomers

Actuation is caused by electrostatic forces between two electrodes
that squeeze the polymer. Dielectric elastomers are capable of
withstanding very high stresses and are basically capacitors that
change capacitance when a voltage is applied, by allowing the
polymer to compress in thickness and expand in surface due to the
electric field.

Ferroelectric polymers
and ferrofluids

They retain a permanent electrical polarization that can be
reversed or switched in an external electric field. Ferrofluids are
colloidal suspensions of ferromagnetic or ferrimagnetic
nanoparticles of the order of 10 nm in size (Schértl 2010; Kim et
al. 2018).

Electrostrictive graft

Electrostrictive graft polymers consist of flexible back chains
with branched side chains. When an electric field is applied, a
force is applied to each partial charge and causes the assembly to

\ . . o .
polymers rotate. This rotation causes electrostrictive stress and deformation
of the polymer.
Synthesis of highly oriented elastomers leads to significant stress
LCEs thermal actuation in the polymer chain direction, with temperature

variation resulting in unique mechanical properties and potential
applications as mechanical actuators.

Tonic polymers

The activation is caused by the displacement of ions inside the
polymer (conducting polymers).

Electro-rheological fluid

Electro-rheological fluids change the viscosity of a solution with
the application of an electric field. The fluid is a suspension of
polymers in a liquid with low dielectric constant.

Ionic polymer-metal
composite

Ionic polymer-metal composites act by electrostatic attraction
between the cationic counter ions and the cathode of the applied
electric field.

Stimuli sensitive gels

They are swellable polymer networks with volume phase
transition behavior. These materials reversibly change their
volume, optical, mechanical and other properties by small
modifications of some physical (e.g. electric field, light and
temperature) or chemical (concentrations) stimuli.

Stimulus
sensitive materials

These are materials that are sensitive to light, humidity,
temperature, etc. (see André (2017)). Produced in additive
manufacturing, the objects are derived from so-called
homogeneous 4D printing.

Table 1.6. Stimulable materials
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Figure 1.49. Young’s modulus-strain diagram (1. piezoelectric ceramic;
2: piezoelectric polymer; 3: shape memory actuator; 4: EAP; 5: hydraulic actuator;
6: pneumatic actuator; 7: solenoids) — Energy densities: 1: 10 GJ.m™3; 2: 1 GJ.m3;
3: 100 MJ.m3; 4: 10 MJ.m3; 5: 1 MJ.m3; 6: 100 kd.m3; 7: 10 kd.m3; 8: 1 kd.m3;
9: 100 J.m3; 10: 10 J.m3

1.4.2.2. Conventional materials used in homogeneous 4D printing

In 2007, when the iPhone came out, the CEO of Microsoft at the time
said: this object has no industrial future. (Berry 2019)

4D printed materials must react to impose environmental changes: geometric
deformations can be observed as soon as an external stimulus triggers the shape
memory effect embedded in the material. Microscopic movements of the polymer
chains then result in global changes of shape. Several modes of stimulation can be
evoked to produce a 3D object by additive manufacturing and stimulation-induced
shape changes (Chu et al. 2020).

1.4.2.2.1. Active polymers — photochemical muscles

One approach concerns the effect of light on the structure of a polymer like
photochemical muscles (Yu et al. 2003; Nakano 2010; Yoshino et al. 2010; Jochum
and Theato 2013; Khoo et al. 2015; Yu et al. 2015; Fang et al. 2017; Roppolo et al.
2017; Jin et al. 2018; Jung et al. 2020; Yoon and Bae 2020), as shown in Figure 1.50,
extracted from Kuksenok and Balzs (2013). Irradiation induces internal rotations in
the material, which contributes to changing the geometry of the irradiated area,
leading to deformations that depend on the received flux. These can be reversible if
photochromic materials are available (temporary, reversible transformation).
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The full range of processes outside of photodegradation (Khim et al. 2014) can
thus be exploited in 4D printing. Curvatures of polymeric fibers can be related to a
non-homogeneous distribution of photo products (see Ge et al. (2016) and André
(2017)). Different effects can be exploited (see Figure 1.51).

relaxatwn
Irradiation by
light
Figure 1.50. Light-induced deformation of a photoshrinkable polymer cylinder
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Figure 1.51. Photomechanics of polymers
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Examples include Mahimwalla’s (2013) thesis showing significant deformation
of polymers containing azobenzene groups (see Figure 1.52 and Mahimwalla et al.
(2012)). Upon irradiation, these groups change from Trans to Cis configurations
depending on the wavelength used (see Figure 1.51). The effects are notable, as can
be seen in Figure 1.52 (see also De Simone et al. (2015), Rosales et al. (2015), Liu
et al. (2017) and Hagaman et al. (2018)).

a) b)

Figure 1.52. a) Azobenzene-based polymers and b) sizes of the two isomers
(Deloncle 2007). The Trans -> Cis transformation takes place in the mid-UV
(300-400 nm), the return in the visible (between 400 and 500 nm)

To alleviate this sense of cognitive dissonance, in many cases, instead
of acknowledging an error in judgment, one seeks to reframe one’s
views in a new way that justifies the old views. (Livio 2017)

The azobenzene molecule is generally in the Trans conformation, which can be
considered uniaxial. When this molecule is exposed to visible light, it can undergo
photoisomerization and change to the Cis conformation (see Figure 1.53).
The molecule can then return to the Trans conformation following a thermally or
optically induced transformation. Once this cycle is completed, the molecule can be
in a new orientation. This process can be used to affect the macroscopic orientation
of the molecules in a film. When linearly polarized light is used to activate the
Trans -> Cis photo-reorientation cycle, only molecules whose electronic
absorption transition moment is in the direction (or in the vicinity) of the
polarization absorb light and undergo an orientation change. In this way, it is
possible to reduce the number of molecules oriented parallel to the direction of
polarization and increase the number of molecules oriented perpendicular to that
direction (Rochon 2015).

These authors present rather dramatic results from Yamada et al. (2009),
corresponding to the deformation of a polymer film induced, both by UV irradiation
(Trans -> Cis transformation) at 366 nm (240 mW.cm™2) and in the visible
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(A > 540 nm and 120 mW.cm™) for the reverse transformation. Figure 1.54, kindly
provided by Ge (2016), shows a reversible transformation of a polymer that deforms
with temperature. Figure 1.56 by Cheng et al. (2010) complements the previous one:
with a double layer of polymers, one of which contains azotolane that can undergo
Cis -> Trans thermal and Trans -> Cis photochemical isomerization in the visible, it
is possible to induce a temporary shrinkage of the irradiated film, followed by a
return to the inital position after stopping the irradiation (see also Figure 1.56 by
Zhang et al. (2015)). Other works may address this transformation principle (Ercole
et al. 2010; Ilic-Slovanovic et al. 2011; Petr et al. 2015; Gao et al. 2016). As a side
note, given the molecular structure of azobenzene and azotolane, it should be
possible to take into account the orientation of the transition moments of these
molecules placed in a polymeric system to make transformations in spatially
resolved polarized light, to create for example programmable diffraction gratings
(see above). Robotic applications are envisioned by Umedachi et al. (2013).

Figure 1.53. Effect of irradiation on a polymer film containing
azobenzene groups: a) before irradiation, b) immediately
after according to Mahimwalla et al. (2013)
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Figure 1.54. Light-induced deformations
of a polymer film (Ge 2016)
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Without light
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Figure 1.55. Polymeric bilayer under light irradiation
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Such systems can be realized in additive manufacturing using various passive,
yet highly elastic materials (e.g. with epoxy-based (monofunctional) and urethane-
based (bifunctional) mixtures of aliphatic acrylic monomers published by Patel et al.
in 2017).
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Figure 1.56. Light-induced deformations of a
polymer film according to Zhang et al. (2015)
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Another example from the work of Chen et al. (2016): active polymers, ready to
respond to blue light stimulation (from an LED), containing tri-thiocarbonate (TTC)
moieties with an accordion structure can be activated by organic catalysts. In the
presence of light, monomers are formed (reverse process of polymerization),
stretching the macromolecule. As the monomers are uniformly distributed
throughout the structure, they impart new properties to the material, which then
allows the shape of the object to be changed. This complex technique requires
specific conditions of use.

1.4.2.2.2. Active polymers — thermal effects on polymers

We no longer even understand how [objects] work, we have even
become individually incapable of reproducing or repairing them.
(Aries 2010)

For Zhao et al. (2015), it is possible to have polymeric materials whose shape
can depend either on temperature or on photochemical transformations. For these
authors, it is a matter of finding reversible reactions affecting the space between
molecules or macromolecules (see Figure 1.57) (see also Dutta and Cohn (2017),
Zare et al. (2019), Zare et al. (2019), Yang et al. (2021a) and Aziz et al. (2021)).
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Figure 1.57. Reversible systems with volume change
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An explanatory example is given in Figure 1.58, illustrating the shape change.
Other examples are given in this review article on different active materials.

Stretch-induced deformation

Heating /

f j Cooling under stress
’ ‘Q \44 / and memorization

Next cycle

Return after relaxation of stresses

Figure 1.58. Principle of thermally induced reversible deformations

Inks made from hydrogels are capable of moisture- and temperature-induced
deformation (André 2017). Le Duigou et al. (2016) used plant particles as a filler in
a polymer (see also Gauss et al. (2021)). Oriented in the extrusion shear of this
meltable polymer, they retain the memory of their orientation below the gel point of
the material and can see their shape change in the presence of moisture (or heating).
Finally, from an optimization standpoint Zhang et al. (2011) added carbon nanotube
fillers to the heat- and light-sensitive (hydrogel) material, poly-(N-
isopropylacrylamide) (pNIPAM), which facilitates heat transfer into the bulk of the
material and light absorption on the surface. Han et al. (2012) exploited pH-induced
transformations.

In Table 1.7, Rastogi et al. (2019) proposed liquid crystal transformations
induced by photo-thermal effects (heating by light) (see also Rousseau (2008),
Plucinsky et al. (2018), Roach et al. (2018) and Longo et al. (2019)).

The selection of materials is therefore very important when trying to define a
target application. Pinho et al. (2020) consider that the chemistry responsible for the
morphing effect of polymeric materials is not explicit enough, despite the growing
number of articles published on this topic. They write: “For specific applications,
only chemical modification of polymeric materials can achieve the characteristics
required for 4D printing”. For electro-thermal effects, Chen et al. (2021b) show that
the presence of carbon fibers increases the strength of the 4D printed composite, and
also improves the recovery strength of the active form.
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Properties/nature Polymer Elastomer Network
Cross-linking No Low Important
Change after stimulation No Approximately 5% >90%
Shape memory No Yes Yes
Glass transition temperature 200°C 25°C thn\t/iele(r)loi(gc
Modulus of elasticity >2 GPa <100 MPa Intermediate

Table 1.7. Performance comparison of liquid crystals usable in 4D printing

1.4.2.2.3. Active polymers — swelling effects in polymers

We take as true what is credible, what we want to believe. However,
we must sometimes inhibit our automatic beliefs in order to develop
more logical, rational thinking. (Houdé 2019)

Other physical phenomena can be exploited to see a 3D object made of an
environmentally sensitive material change shape: pH, presence of a solvent, etc.
(Bakar and Djaider 2007; Liu et al. 2017, Lv et al. 2018; Abdelmohsen et al. 2019).
The swelling of cross-linked polymer networks in the presence of a solvent is a
well-known phenomenon (Ancla 2010; Bounouira 2015). In the latter case, shown in
Figure 1.59, very noticeable changes in the shape of a 3D object can be observed.

Bridges between linear chains |

‘ Solvent or plasticizer —
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[Partia.lly cross-linked polymer

Figure 1.59. Shape changes in the presence of a solvent

With certain solvents, the chain sections between two cross-linking points unfold
as in the case of linear chains, but this movement is limited by the existence of
bridges. The phenomenon is therefore limited to swelling, which is more
pronounced the lower the degree of cross-linking. The term hydrogel defines
materials with a liquid and a solid component. They are composed of polymer
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chains assembled via the cross-linking process and can contain liquids such as
water. Hydrogels can be used in additive manufacturing and have their shape change
in the presence of a solvent (see also Oveissi et al. (2021)). Figure 1.60, from

Curatolo et al. (2021), illustrates how a network can be deformed by the presence of
micro-molecules or spheres.

Stretch induced length

“Liquid” Molecules

Average reference length

Figure 1.60. Deformation of a network by the
presence of active molecules or nanospheres

Table 1.8, taken in part from Gao et al. (2016), gives indications on processable
materials and on the processing methods applied in this area.

Type of material Mechanism and comments References
Polyethylene glycol; . Villar et al. 2011, 2013;
lipid bilayers Contact with water Jamal et al. 2013

Low transition temperature . .
polymers (PNIPAAm; Transition temperature Peppas et z'ﬂ. 2000; Bakarich et al.
. . 2015; Wang et al. 2015
PCL); ceramic alumina
Magnetic materials Precise positioning by Kokkinis et al. 2015; Zhu et al.
& locating the magnetic field 2018; Wu et al. 2020
Pol.ymers .contammg light Photochromes Zhang et al. 2015
isomerizable groups

Table 1.8. Different types of informed materials and associated mechanisms

1.4.2.2.4. Electrochemical effects

You don’t know [...] that there is life only in differences, difference
of temperature, difference of potential. And if the same heat or the
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same cold reigns everywhere in the universe, it is necessary to shake
them so that the fire, the explosion, the Gehenna are born. We will
shake them. (Zamiatin 2020)

Figure 1.61 schematically represents the effect of ion transport on polymer
conformation, according to Kaneto (2016). Either ions are made to act and we can
engage in 4D printing, or we have a means of dosing the ions (actuator/4D printing
reciprocity).

@ Immobilized anions () Immobilized cations

‘Soft’ change ‘Hard’ change
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Cation transport o
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Figure 1.61. Conformation/ion relationship: Acrylic type polymers are “welded”
or rather cross-linked and in the 3D structure thus generated, the
presence of ions disturbs the shape of the structure

1.4.2.2.5. Biological and organic materials

Experience is the name everyone gives to their mistakes. (Wilde 2017)

Plants exhibit spontaneous curvature changes due to the orientation of cellulose,
which undergoes anisotropic swelling in the presence of water. Gladman et al.
(2016) mimicked this process with a hydrogel containing such rigid cellulose fibrils.
They spontaneously align under shear as they flow through the printer’s extruder
nozzle, inducing anisotropies in swelling and elastic modulus. With positioning in
bilayers, differential swellings can be achieved, resulting in a (calculable) curvature
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of the object. Using anisotropy in the material, Qe et al. (2016) showed in Figure
1.62 how it is possible to develop the shape of an object depending on the

stimulation it receives.
Stimulus Surface buckling and def\om-nation
I I
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Realization of a flat surface
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Figure 1.62. The anisotropy of the material creates a curvature when the
temperature changes (the same phenomenon could have been obtained with the
swelling of bi-layers of cellulose loaded threads). Complex morphologies (here a
flower) are generated with changes in the shapes of the objects
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Lind et al. (2017) used heart muscle cells that contract under the influence of
electrical stimulation as an activatable material. Figure 1.63 illustrates the
compression/expansion phenomenon to bend a plastic material (see also Jackson
(2016)).

1 L}
Electrical stimulation

Figure 1.63. Deformation induced by muscle cells

1.4.2.3. Elongation-Young’s modulus relationship

Men are conscious of their desires and ignorant of the causes that
determine them. (Spinoza 1955)

In his thesis, He (2021) relates this important aspect to design deformable
assemblies in 4D printing. Figure 1.64 shows typical results with considerable
variation depending on the materials and activation modes chosen.
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Figure 1.64. Steady-state actuation performance of LCE-based vascular artificial
muscle. Left: specific actuation stress as a function of strain of classically used
materials and mammalian skeletal muscle. Right: working density as a function
of strain (Abbreviations: PP: piezoelectric polymer; MA: magnetic actuator;
EA: electrostatic actuator; MM: mammalian muscle; IPMC: ionic polymer-metal
composite; MS: mammalian skeleton; CNT: carbon nanotube; DEA: dielectric
elastomer actuator; PAM: pneumatic artificial muscle)
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1.4.2.4. Some typical results

Dare I state here the greatest, most important, most useful rule of all
education? It is not to save time, it is to lose time! (Rousseau 1995)

Kimionis et al. (2015) used both 3D printing and origami making for the
manufacture of radio frequency (RF) antennas. An example of their demonstration
that couples two emerging potentials in the same object can be found in Figure 1.65.

Figure 1.65. An origami-based RF antenna realized by multi-material
additive manufacturing (silver ink patch, probe feedpoint:
copper tape ground plane behind plastic)

Apart from origami, which can be temperature sensitive (Ge et al. 2014), more
large-scale transformations can be achieved with light-sensitive polymeric materials.
Another approach involves the effect of light on the structure of a polymer (Nakano
2010; Yoshino et al. 2010; Kuksenok and Balzs 2013; Gao et al. 2015; Petr et al.
2015; Patel et al. 2017; Shao et al. 2018; Jayashankar et al. 2019; Kriegman et al.
2019; Goo et al. 2020; MIT 2020): Irradiation induces internal rotations in the
material, which contributes to changing the geometry of the irradiated area inducing
deformations; these can be reversible if photochromic materials are available.
Polymeric fiber bends can be related to the inhomogeneous distribution of
photoproducts following either surface resolved illumination or tailored deposition,
as illustrated in Figure 1.66 (Sossou et al. 2019a; see also Baker et al. (2016), Zhang
et al. (2017b), Zolfagharian et al. (2018), Carrell et al. (2020) and Yuan et al.
(2021)).

Another example is the significant deformation of polymers containing
azobenzene groups (Mahimwalla et al. 2012; Mahimwalla 2013; De Simone et al.
2015; Rosales et al. 2015), that upon irradiation, change from Trans to Cis
configurations. The effects are notable, with reversible shrinkages of over 20%.
Using anisotropy in the material, Qe et al. (2016) showed in Figure 1.57 how the
shape of an object can be made to change with the stimulation it receives.
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Figure 1.66. Optimization of an active material
deposit for a given deformation (Sossous et al. 2019a)

Chen et al. (2019) performed 4D metal printing using a specialized machine. This is
one of the first demonstrations of metal use with the publication by Lohmuller et al.
(2019). Kim (2014), however, had already made prints with piezoelectric nanoparticles.
But a reverse approach has already been attempted by implementing piezoelectric
materials in structures to avoid deformations of various origins (Bent and Hagood 1997).
With piezoelectric fibers in an epoxy matrix, orthotropic activation can be achieved using
interdigitated electrodes, producing an electric field in the plane of the structure (in the
direction of the fibers). If these advances in the field of smart materials have opened up
new possibilities for active control of composite structures (Gakwaya 2006), it is
conceivable to use these systems to perform heterogeneous 4D printing.

However, according to Reiser et al. (2019), the synthesis of industrially good
inorganic materials remains a challenge. They show that current additive microfabrication
techniques lead to a wide range of microstructures and mechanical, elastic and plastic
properties. While this work provides practical guidelines for users of metal additive
manufacturing methods, a high level of specialized materials expertise is required.

Dufaud et al. (2002) studied the effect of electric current on composites containing
PZT ceramics with piezoelectric properties aimed at the realization of actuators. More
recently, Martin et al. (2015) combined magnetic particles with photo-polymerizable
resins that can be specifically oriented by changing the field amplitude and orientation.
This realization where two forms of energy are coupled allows the realization of
structures with singular magnetic properties, along with a possible reinforcement of the
material by increasing the order of the elongated particles in the polymeric matrix.
Catheters for neonatal applications have been realized on this principle.

Box 1.10. Additional remarks
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1.4.2.5. Transition between activation modes

Objectivity, associated with knowledge, relegates everything that does
not belong to it, values and principles, to the side of subjectivity,
belief, opinion, etc. (Roux 2011)

In André (2017a), dealing with emerging niches in 3D printing, different themes
useful for the development of 4D printing were presented. These themes are

presented in Table 1.9.

Theme Comments
By chemical means, we can modify the structure of a
macromolecule which, by reaction, can be deformed to create an
Doing chemistry object. However, given the number of links to be considered, these

objects are limited to nanometric sizes (3D DNA; nano-machines,
catenanes, etc.)

Self-organization

The example of the crystallization can be retained: if it was
possible to guide the shape of the structure, it would be possible to
reach in the time of the transfer of matter shapes answering the
specifications

Another example is bio-printing

Displacement of atoms

The development of near-field systems allows the displacement of
atoms and the realization of 3D sub-nanometric structures

Nano-manufacturing

Additive-subtractive couplings

Swimming robots

Directed particles that gather to form an object (as long as the
cohesion between these particles is assured). The number of
possible particles remains modest because of the slowness of the
movements

Robotic voxels

Programming the movement of voxels (autonomous robots) to
create a 3D object whose shape can evolve over time. The size of
the voxels and their number are factors that limit the development
of this construction principle

4D origami

Foldable 2D structures can be generated by placing stimulable
adaptive materials in the folds, allowing the fabrication of
externally controlled centimeter-sized robots by external actuation

Table 1.9. Other processes that may be of interest in 4D printing

In this transition, it is possible to mention associations between electrical
potential and physical chemistry. Figure 1.67 illustrates the principle of deformation
(Narayan et al. 2021; see also Coltelli et al. (2021) with additional microfluidic

effects).
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W Water molecule
o Binding anion (immobile)
A\ Hydrated cation
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Cathode (-) Cathode (-)

| Nafion membrane containing a polymeric network |

Figure 1.67. Diagram of deformation under
tension due to migration of hydrated cations

Without returning to the construction of volumes atom by atom, the following
sections deal with other ways than those related to chemical interactions exploiting
the assistance of different types of energy sources. Furthermore, materials subjected
to mechanical stress can undergo a change in their structures, properties and/or
functions (Troyano et al. 2021). This mechano-reactivity can be exploited to trigger
modeling and predicting the deformation of porous materials in response to external
loads. It could also be investigated in 4D printing.

1.4.3. Activations by physical pathway

Within a limited rationality, the terms of reason become disjointed:
losing their unity, they lose their meaning. It seems that rationality and
finality do not pre-exist the facts which carry them and which one
supposes that they bring (or peddle). (Lefebvre 1971)

We have already discussed the modes of activation of materials. While most of
the work deals with the chemical methods just mentioned, there are other ways of
physical origin, which can make them evolve in form or in functionality or,
more simply, help them to move. These are the different elements that are recalled
below.
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1.4.3.1. Mechanical effects
1.4.3.1.1. Internal effects

Grossweiler et al. (2015) use polymers containing spiropyrans that are sensitive
to mechanical stress, these deform and change color with a relaxation time of several
minutes (see Figure 1.68). This type of material has enabled micro-clamps to be
made.

a _ B -
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Entropic elongation Enthalpic Activation of a covalent bond
Vs deformation and color change in the visible
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Figure 1.68. Effect of mechanical stress on the chemical
transformation of a spyropyran-based polymer

Recall further that Vatankhah-Varnosfaderani et al. (2018) synthesized an
elastomer composed of a central block, which has side chains extended by two
terminal blocks grafted onto it (see Figure 1.69). The end blocks of these structures
gather into nanoscale spheres, distributed in a matrix formed by the “pin-like”
structures. The light interferes with this architecture according to the distance
between the ends; a stretching of the material thus results in a change of color
(chameleon effect). It is therefore possible to encode mechanical properties
(elastomer) and optical properties in a single polymer, with modulation possibilities.
By imposing a mechanical deformation on an object, it is therefore possible, in
principle, to show where the areas of mechanical stress are located.

Qian et al. (2021) teach us that precise mechanochemical transformations in
polymeric materials are poorly explored. Before the advent of mechanophores
(synthetic force-sensitive molecules) few mechanosensitive functions were known in
polymers (Nixon and De Bo 2020). Mechano-actuation has a directional parameter
that, in turn, is coupled with the geometric attributes of the mechanophore through
its points of attraction:

thereby tuning the force responsiveness. In other words, by
modulating the attachment points of a mechanophore in polymer
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chains, the force-induced reactivity of the mechanophore and the
reactivity of the material vary significantly. (Church et al. 2014;
Gossweiler et al. 2015; Stevenson and De Bo 2017)

Figure 1.69. Active structure of the chameleon type

1.4.3.1.2. External effects

Even in its most fortuitous forms, chance does not make the
discovery: it is only the occasion. (Picard 1928)

These can be, as shown in Figure 1.70(a), simple and fairly traditional solutions
of actuators made by additive manufacturing (Peele et al. 2015; see also Walters
et al. (2010) with a pneumatic actuator principle using origami in Martinez et al.
(2012)). In this figure, the left or right displacement depends on the difference in gas
pressure between the two compartments of the actuator. Foldable systems whose fast
internal swelling (compared to response times obtained with solid materials) leads to
interesting shape changes like those in Figure 1.70(b) of Yuk et al. (2017)
correspond to an object made in additive manufacturing, whose shape can be
modified by the effect of hydraulic pressure. Recently, Sparrman et al. (2021)
produced a study in this same field with flexible fluidic actuators (whose principle is
based on the historical McKibben actuator) made with silicone polymers in 3D
printing, with the possibility of operating them sequentially for complex
deformations (application in soft robotics — see, for example, Franco et al. (2020)).
Other (simultaneous) actuation devices are proposed by Shao et al. (2021) with
magnetic actuation. In this last case, a change of scale is sought for applications in
micro-robotics (millimeter size).
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Figure 1.70a. Principle of a pneumatic 3D actuator (André 2017)

T=10 hrs T=15hrs T=20hrs

Slow osmotic actuation (actuation frequency = 1.4 x 107 Hz)

Figure 1.70b. Hydraulic actuator (Yuk et al. 2017)

1.4.3.2. Physical changes

Any action is risky. But inaction is almost always more risky. There is
no progress without risk. (Comte-Sponville 2015)
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1.4.3.2.1. Macroscopic effects

MIT (2013) has shown that on simple examples, it is possible to “order” the
material if only by visual recognition. This idea, illustrated in Figure 1.71, is based
on the displacement of cylinders as used in two dimensions by carpenters to take the
impression of a cornice, or as some toys to achieve three dimensions. If a numerical
control is added to the displacement of each cylinder, it is possible to make the
material “programmable” directly or indirectly. However, in these two examples that
serve as an introduction to the subject, the material is inert. The idea is to go a little
further in the process by “informing” the matter directly, at finer scales than the one
in this figure.

Figure 1.71. Reversible sculpture toy (Cdiscount 2017)

Figure 1.72 with the idea from MIT (2013) shows the intrinsic complexity of
such a system that will not be able to scale down due to the very large number of
actuators that would need to be put together in a finite volume (voxel size problem
to consider).

Vertically
movable
cylinders
by means
of actuators

Actuator box

Numerical control

Figure 1.72. MIT experimental setup (2013)
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1.4.3.2.2. Microscopic effects

The necessity that all sciences be directed towards a useful goal, and
that the point of coincidence of all their discoveries be the physical
and moral prosperity of the French Republic. (Abbé Grégoire, quoted
by Lévy-Leblond (2006))

A surfactant is a molecule with a hydrophilic head and a hydrophobic tail, the
hydrophilic head being preferentially oriented toward the aqueous phase, unlike the
hydrophobic tail. Thus, surfactants are generally positioned preferentially at the
water/air or water/oil interfaces.

Their presence stabilizes the interfaces, which implies a local decrease
of the surface tension. As the presence of surfactants on a surface
decreases the surface tension locally, it is possible to create a surface
tension gradient. This results in a movement of fluids toward areas of
higher surface tension. (Marques-Serra 2014), as illustrated in Figure

1.73

The addition of a surfactant (orange) causes a decrease in surface tension from vy,
to vy, which induces to a deformation of the surface that leads to a flow of fluids
(blue arrows) toward the areas of higher surface tensions yo (André 2017).

Surfactant or soap

Yo e—— —— Y<Yo — ., Yo

Variation in temperature

Photo-isomerization of
surfactants

-

Surface tensi
gar::lientmn H Movement of fluid P

Figure 1.73. Surfactant-induced deformation of a fluid
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If an active surfactant (e.g. containing azobenzene) is used, Trans-Cis
isomerization is likely to change the surface tension, which may allow material flow.
Under UV irradiation the concentration of Trans isomer decreases, which increases
the surface tension. Depending on the light distribution, a surface tension gradient
can be obtained with the possibility of having a photo-induced Marangoni effect.
Thus, if a drop is deposited on a surface, it will be able to move on it by playing, as
shown in Figure 1.74, on the changes of the surface tension induced by light (Shin
and Abbott 1999).

‘ Irradiation by light ‘

Deformation
of a drop

birection of movemenq

Figure 1.74. Possibility of guiding the movement of a drop on a surface

Considering the energies involved, if this technology enables droplets to move on a
flat horizontal surface, it can only be considered with immiscible fluids of the same
density (see swimming robots in section 1.4.4) for an application in additive
manufacturing.

With Trans-BTHA, Shin and Abbott (1999) showed that the irradiation of hanging
drops could cause their fall. From there, to consider a principle of rapid deposition of
material by this process, there is only one step... (see Figure 1.75 representing the
structural formula of the surfactant considered).

\hwo

® e NN &
® \Oxyw»g:

Trans-BTHA

Figure 1.75. Structural formula of the surfactant

Box 1.11. Influence of the surfactant
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1.4.3.3. Deformation of metal parts

Scenario method: “[Kahn and Wiener’s] method turns out to be
fundamentally heuristic: they do not seek to know whether the
hypotheses put forward are true or false, but rather to explore
progressively, through them, problems that may arise”. (Durance
2014)

1.4.3.3.1. Drops

As an initial example, the 3ders.org paper (2014) announced the possibility of
rotating and moving droplets of a Ga/In/Se alloy melting at 10°C, floating (due to
surface tension) on water via a magnetic field. Sheng et al. (2014) from the Chinese
Academy of Sciences in Beijing were able to change the shapes, as well as the sizes
of metal droplets. It will be interesting to see how we can access the third
dimension, and then the fourth. Figure 1.76 illustrates the effect of an electric field
(New Scientist 2015).

Figure 1.76. Effect of an electric field (left) on the shape of alloy droplets

1.4.3.3.2. Oriented magnetic architectures

Martin et al. (2015) have combined magnetic particles with photopolymerizable
resins that can be specifically oriented by changing the field amplitude and
orientation. This realization where two forms of energy are coupled enables the
realization of structures with singular magnetic properties, along with a possible
reinforcement of the material by increasing the order of the particles arrayed in the
polymeric matrix. Catheters for neonatal applications have been realized on this
principle.

1.4.3.3.3. Shape memory alloys

Don’t kid yourself, don’t abuse yourself, with the understanding that
you yourself are the easiest person to abuse. (Feynman 2000)
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SMAs can be used (Ballandras et al. 1996) to realize actuators by heterogeneous
4D printing. These alloys have several properties that are new among metallic
materials: the ability to keep an initial shape in memory and to return to it even after a
deformation; the possibility to alternate between two previously memorized shapes
when its temperature varies around a critical temperature; and a superelastic behavior
allowing elongations without permanent deformation that are higher than those of
other metals. Among the major SMAs are a variety of alloys with nickel and titanium
as primary constituents in nearly equal proportions (Meier et al. 2012; Dadbakhsh
et al. 2014). Although the name “nitinol” is actually only the name of one of these
“quasi-equi-atomic nickel-titanium alloys”, this name has become commonly used in
the literature to refer to all of these alloys, which have very similar properties. To a
lesser extent, some copper-aluminum-based alloys also possess shape memory
properties (Wikipedia 2015). While these materials have not really been used in
additive manufacturing, their application areas now span medicine, aerospace,
automotive, women’s clothing, eyewear, security and research... (Nimesis 2017). This
development has long been limited by poor durability in their ability to return to their
original shape (Chluba et al. 2015). However, everyone remembers a now classic
example, that of Uri Geller’s demonstration, in front of an astonished audience of the
deformation of spoons made with such alloys by thermal effect (L’arrét public
gouverne MENT 2010). Several applications in additive manufacturing can be
considered (keeping in mind small volume variations, but changes in shape that can be
reasonable). In particular, as shown in Figure 1.77, SMAs have a specific advantage
(relative to polymers), which is their good weight/power ratio, increasing their
potential use as actuators by 4D printing.

104 ™ Power/mass ratio (Wikg) | A
| Gas turbine
S ——
103 = Hydraulic engine
Pneumatic engine Thermal engine
N 4
Mass (kg)
1 1 1
101 1 10 102 10° 104

Figure 1.77. Power/mass ratio of SMA linkages
versus motors according to Patoor (2006)
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Example: It is possible to 4D print various structures made of composite
filaments, for example polylactic acid (PLA) and PLA/FeOss. The shape memory
behaviors of 4D printed structures triggered by a magnetic field have been studied
by Zhang et al. (2019). The printed structures can quickly recover their original
shape. Furthermore, the structures activated by a magnetic field at 27.5 kHz have a
uniform surface temperature around 40°C, which is consistent with a physiological
operating temperature.

1.4.3.4. Intermediate conclusion

For if I wish to speak the truth, I will have to talk in the way I’ve
described. Whether it’s the business of a philosopher to tell lies, I
don’t know, but it certainly isn’t mine. (More 1997)

This section is partly taken from André (2017) with a modest update. Indeed, this
domain stemming from physico-chemical interactions in matter seem to be of less
concern to researchers than the more large-scale interactions between different
forms of energy and matter (NAP 2019b). The original component of this recently
emerged 4D domain to open up additive manufacturing to other application niches
lies in the principle of informing matter to extract spatial functionality (rather than
being part of spontaneous self-assembly). At this stage, while the photochemical
muscles have already been the subject of work for many years, to the knowledge of
the authors, the idea which consists of starting from a simple form, easily realizable
by traditional techniques (i.e. molding and traditional machining) for after treatment
by light (or any other form of energy localized in space and time), to obtain a
complex object has not been emitted. It raises the question of having materials with
high expansibility (remember that for SMAs, the difference between the two shapes
is generally of the order of a few %), to be able to treat an inverse problem. Starting
from a shape to be reached, what could be the initial shape?

In any case, while this path seems interesting, it would be advisable to begin
studies on very simple objects to deduce laws. Obviously, it would be necessary to
work on surfaces rather than volumes to simplify the situation. However, the number
of influencing parameters to be taken into account may be high, leading not to a
unique solution for a given spatial resolution, but to a set of solutions (and at the
same time to the absence of solutions for too complex shapes). Thus, starting from a
continuous material, the formation of a percolating medium, for example, could be
problematic.

1.4.4. A transition to 4D printing: swimming robots

Breakpoints reveal situations where the existence of unstable
conditions makes it impossible to predict future events because our
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knowledge of the present state is only approximate and far from
reality. (Goux 2014)

There is a possibility to move a droplet of inert matter by bringing an external
energy onto it (see Sheng et al. (2014)). Based on this principle, tiny swimming
robots containing iron oxide particles, bound together by chemical bonds, can move
by magnetic force (Cheang and Kim 2016). In this paper, these particles are not
intended to assemble to create an object, but, with a size on the order of a
nanometer, this object must be able to move through the vasculature from an
external magnetic field (see Rao et al. (2015), and Figure 1.78). Indeed, the
swimming of robots is well controlled, as they move at low Reynolds number:

Indeed, the Reynolds number of the flow is very small, on the order of
0.00001, whereas in usual flows (that we have to consider for a human
swimming in water, for example) this number is typically on the order
of 100,000. (Alouges 2012)

A swimming robot consisting of three spheres joined in a line has been studied
by Alouges et al. (2008), Naja and Golestanian (2004) and Garcia (2013), where it is
shown that it can indeed swim (slowly) in a 3D flow with low Reynolds number.

7/

Figure 1.78. Movement principle of swimming robots (different
types: translation (T); rotation (R); circular movement (CM))
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Even if swimming robots can be considered as solid structures, they have their own
energy for their movements or have a movement stimulated by an external energy. They
are therefore systems exploring both space and time.

Box 1.12. Swimming robots

If the vision of the researchers is to transport drugs (cargo effect) or to use the
swimming robots to clear blocked vessels (ice-breaking effect), it is possible to use,
in a voxel, transformable matter which, in weightlessness, can be guided on an
object under construction. The principle of this construction requires precise
guidance of each robot considered as isolated from other robot-swimmers
(otherwise, apart from the feasibility of precise control, these entities have density-
and flow-dependent behavior, as shown by Lushia and Peskin (2013) and Liebchen
et al. (2016)). In groups of swimming robots, using particles of varying sizes,
it is possible to consider the construction of nanoscale or larger objects, via a
“multi-voxel” principle, or even multi-material with voxels of various sizes (see
Figure 1.79).

Swimming robot guided by light

T

Object constructed with swimming robots of varying sizes

Focused light
Displacement
towards the
| object under
| construction

T
Voxe@

Engine

Figure 1.79. Application of swimming robots to additive
manufacturing, for example in light-induced polymerization

Different guidance techniques can be considered, and they are presented in Table
1.10, widely inspired by Rao et al. (2015).
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Principle of

. Materials Comments References
locomotion
Known mechanisms
. . Paxton et al. 2005;
Microspheres, | self-generated electric field, ;
. ; . e C. Wheat et al. 2010; Dou et al.
Electrophoresis| bimetallic sensitivity to the conductivity

rods, fibers

of the medium,
high velocity > 100 pm.s!

2016; Katuri et al. 2017,
Brooks et al. 2019

Self-generated concentration
gradient with enrichment of the

Howse et al. 2007; Ibele

Diffusio- |Heterogeneous| carrier fluid with dissolved et al. 2009; Hong et al.
phoresis voxel substances during the process | 2010; Clement et al. 2016;
(difficult to apply in additive Clement 2016
manufacturing)
Thermg— Nanoparticles | Gallium heated by NIR laser Wang et al. 2021a
phoresis
. Colloid/ Elimination of water
Separation surfactant molecules at the interface Youssef et al. 2016
Gold Glucose oxidase in the

Chemo-taxicity

He et al. 2019

nanoparticles presence of glucose
Gibbs and Zhao 2009;
Bubble Elongated Catalysis of the degomposﬁlon Solovev et al.. 2009; Wilson
ropulsion shapes of a reagent producing bubbles, | et al. 2012; Zhang et al.
p but uncertain trajectory 2015a; Hu et al. 2017a;
Patino et al. 2018
Electric Micro- Localized electrolysis of water | Calvo-Marzal 2010; Loget
field (1) articles producing bubbles, difficult |and Kuhn 2011; Katuri et al.
P precision and slow movements | 2017; Rajonson et al. 2020
Electric L Tang et al. 2017,
field (2) EAPS Robot weighing about 100 g Wang et al. 2019
Rotation of the swimmer Ghosh and Fischer 2009;
. Flexible . . W . Gao et al. 2010, 2011; Peyer
Magnetic ) d in a magnetic field inducing 1 . ot al
rotation clongate locomotion, possible cta. 2912’ Tottori et a .
shapes ’ 2012; Li et al. 2016a; Shi

precision but slow speed

etal. 2019; Wu et al. 2021

Ultrasound and

Metal particles

Conversion of energy into
motion, uncontrolled

Wang et al. 2012;
Ahmed et al. 2016, 2017,

acoustic waves| Particles behavior, high speed Kong et al. 2019
Focus of the waves Shapiro et al. 2021
Spiropyrans or azobenzene are Huang et al. 2.015; Stanton
Elongated susceptible to light-induced ctal. 2015; L et al. 2.0 16b;
Photochromy . . Zhang et al. 2017a; Richard
shape Trans-Cis transitions

resulting in flagellar movement

et al. 2018; Heckel and
Simmchen 2019

Table 1.10. Different forms of propulsion for swimming robots
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For magnetic propellants, Li et al. (2016a, 2016b) give some indication of travel
speeds by mode of action. These data are presented in Table 1.11.

Nature of the 1
magnetic excitation Speed (pm.s™) Comments
Internal oscillation S
of the particle 30.9 Fish-like movement
Oscillation 6-14.4 Sculling movement
Rotary feeder 18-40-180-250 Screw movement

Table 1.11. Travelspeeds obtained by Li et al. (2016a)

In the case of the Trans-Cis transformation of azobenzene related to a
light-induced transformation, the engine is related to the voltage induced by the
change in shape of the azobenzene in a sandwich structure, as shown in Figure 1.80.
There is, with this type of device, a way to control the partial rotation of a flagellum
attached to this engine, as shown in Figure 1.81 (Huang et al. 2015; see also Egunov
et al. (2016)). If the stresses are not homogeneous in the different layers, a moment
of force arises and the thin layers can then bend spontaneously under the action of
external forces. Thus, by exploiting these stresses, a new “self-curling” material
made with cross-linked Polydimethylsiloxane (PDMS), a transparent and
biocompatible elastomer and silicone oil, can be realized.

Elastomer
. ]
|

Artificial muscle
Deformation
induced by Return

energy input

l)

Mechanical stress



102 4D Printing 2

uv
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Figure 1.80. Operating principle of
the photochemical engine

UV LED 2 —

Flagellum
White light
(LED2)

m
-

White light UV LED 1
(LED1)

Figure 1.81. Relationship between a
photochemical engine and its flagellum

In their publication, Khoo et al. (2015) performed a synthesis of applicable
processes in terms of informed matter. A summary of their synthesis is shown in
Table 1.12.
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Materials and Approximate

. Comments
structures resolution

Production of electrical charges when stress is
5 um applied (and vice versa); the support material is a
conventional acrylic polymer such as PEGDA

Piezoelectric
nanocomposites

Temperature-induced shape change (hysteresis

SMAs (NiTi) / problem to be taken into account)

Deformation of a bi-component system with
SMPs 20 pm different properties (bilayer effect) induced by
temperature or light (heating)

Bimaterial system
including a dielectric | 30 +/— 10 pm |Electrical activation and bilayer effect
elastomer

Polymeric composite

. . 45 +/— 15 pm | Temperature-induced movements
and origami

Table 1.12. Some examples of informed
materials applied in additive manufacturing

1.4.5. Current scientific offer and application specifications

We will simply note that the nature and size of the object studied, or
the confrontation between adjacent objects, determine different levels
of structuring of interdisciplinarity. (De Beaulieu 2006)

The current scientific context presents a particularly rich set of means to make
shapes evolve or modify the functionalities of structures realized at least partially by
additive manufacturing. It is therefore possible to think that the engineer and/or the
designer have a large offer allowing them to regain control over the phenomena of
manipulation of matter and energy so that the initial forms adapt, in the course of
time, to their will(s). On the basis of KIS, publications deal either with objects that
can unfold based on deformable origami — 2D printing followed by folding (Gillman
et al. 2019), or with 3D objects containing massive amounts of matter that can be
activated by different stimuli (pH, heat, light, electromagnetic field, mechanical,
etc.). We are therefore moving, in principle, from a global approach to a more
traditional methodology: creation of a 2D/3D part using different methods, including
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additive manufacturing with active materials, followed by localized stimulation in
space and time to change the 2D or 3D shape of an object. Several methods can be
selected in terms of reversible movements with different stimuli external to the 3D
object (e.g. Ge et al. (2013), Sossou et al. (2019a, 2019b) and André (2017a)):

— Polymers sensitive to moisture, heat: either the polymer absorbs water or loses
it, its density changes with a possible shrinkage (swelling/deflating). There are also
reversible systems sensitive to heat (shape memory polymers) with changes in
density.

— Photochemical “muscles”: irradiation induces internal rotations in the material
(classic example of azobenzene and derivatives), which contribute to modifying the
geometry of the irradiated area, leading to deformations that depend on the luminous
flux received; these can be reversible if photochromic materials are available
(reversible transformation; bistability).

— With multi-material systems, it is possible to play on the difference in behavior
of materials with a stimulation to produce “bimetal” or bimetal effects.

— With charged materials, an electromagnetic field can induce a charge
orientation leading to a desired deformation of the 3D object, etc.

I believe in evidence. I believe in observation, measurement, and
reason when confirmed by independent observation. I can believe
anything, no matter how strange and ridiculous, if there is proof.
However, the stranger and more ridiculous the thing, the firmer and
more solid the proof must be. (Asimov 1983)

Table 1.13 from the considerations presented in André (2017a) recalls the
interests and limitations of homogeneous 4D printing. The knowledge of the
synthetic results presented will then be used to consider prospective aspects
regarding the scientific and technological developments of 4D printing.

While the offers of temporal evolutions are multiple, the following sections can,
by the knowledge of the real and the possible, be the origin of certain difficulties,
even frustrations because it is not always possible to satisfy the demand or the
desire. This hiatus, which is quite general in this work, will be highlighted again
with spectacular POC and applications that are not accessible (failure to meet
“reasonable” industrial requirements). It is in this role of “shipwreckers” presented
hereafter that we commit ourselves, defining by the conclusions to which it leads, a
form of roadmap to follow if we do not wish to see a loss of interest from the
socio-economy for this original technology.
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4D printing

Comments

Advantages

- Sequential 2D process using a localized deposition of active material on a
surface followed by folding leading to spectacular effects

- Additive manufacturing process allowing an object to be manufactured in
a single step and then to have more or less homogeneous actuation modes

- Use of external stimulation modes to change the shape (see Figure 1.4)
and/or the functionality of the object

- Large number of stimulation modes (mechanical, heating, humidity, pH,
light and other electromagnetic fields)

- Large application domains (see Figure 1.5 for the use of 4D printing in
terms of functionality)

- Obvious spectacular aspect

Limitations

- Limited choice of active materials, with very high deformation
coefficients, mainly polymers that must be sufficiently elastic to allow
deformation and, consequently, with modest mechanical properties

- Difficulty in locating the stimulation on the object

- Anisotropy of the stimulation

- Size of the stimulation device required to actuate the 4D object

- Long response time after stimulation, incompatible with industrial uses
- Stimulation energy that can damage the object

- Anisotropy related to layer-by-layer fabrication mode

- Durability

- Modeling of volume deformations is difficult

Table 1.13. Current advantages and limitations of 4D printing

1.4.6. Some constraints

Science discovers these laws of power, of motion, of transformation:
industry applies them to the raw method, which the Earth provides us
with in abundance, but which acquires its value only through
knowledge. (Priestley 2015)

It is clear that the range of deformable systems is wide, without a specific path
being favored today. In fact, reference is made to the POC in an emerging field
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which hides a certain number of scientific and technological problems to be solved.
While the volume of the literature is rapidly increasing, the number of methods for
deforming a macromolecule due to stimulation is limited to a few classical
principles. Moreover, as the object is realized, the stimulus must reach the areas to
be deformed, which for actuators may pose some space problems. This may be less
constraining if the choice is turned to the use of light as a deformation stimulator
(André 2018, 2018a; Li et al. 2019), as it is possible to selectively excite certain
areas of the 3D object with great precision and distance. However, several problems,
not mentioned in most of the literature on the topic, have emerged (and are mostly
valid for other stimulation modes) (see André (2020a)).

1.4.6.1. Mechanical strength (E: Young’s modulus)

In order to make an active object out of a single material, it is necessary that the
material has a certain mechanical strength and also elastomeric properties to achieve
a shape change. With Young’s modulus of a few tens of MPa, classical in additive
manufacturing, the forces necessary for a deformation of 1 mm of a bar of 1 cm,
0.1 mm thick and 1 mm wide are of the order of 2.10 N. Conventional polymer
materials are therefore not suitable for deformation to realize an efficient
actuator. Moreover, in the literature deformations are just shown, without too
much mechanical or energetic potential associated with them (see, for example,
Listek (2019)).

Young’s modulus: Young’s modulus, modulus of elasticity or tensile modulus is
the constant that relates the tensile stress and the onset of deformation of an isotropic
elastic material (linearity). Figure 1.82 (see: https://www.xr6805.fr/school/sti_web/
rdm/deforme/deforme.htm) represents a beam resting on two supports with a
concentrated load in the middle (see Thorin and Forét (2013)).

L/2

Force

Ay
L

- — — >

Figure 1.82. Deformation of a beam as a
function of its Young’s modulus
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With F as the force exerted at the center, L as the length of the beam and E as the

3
Young’s modulus, the deflection Ay is expressed by: Ay = :‘SLE. With conventional

elastomers, a deformation Ay of 0.1 cm for a beam of size 1 cm (thickness and
width: 0.1 ¢cm) corresponds to an approximate load of 5 x 107> N. As for metal, the
corresponding load is approximately 100-500 N.

1.4.6.2. Quantum efficiency

I am just having fun. [ was determined to do physics for fun, as I liked
to do it. (Feynman 2000)

If we want to cause the rotation of a carbon-carbon or nitrogen-nitrogen double
bond (case of compounds of the azobenzene family), it is necessary to absorb a
photon of suitable energy (energies of the order of 400 kJ per mole or about
1 Megajoule/kg). But this process occurs with a quantum yield sometimes much
lower than the unit. Regardless of the possibility of absorption on small elements
(Beer-Lambert absorption law for a one-photon process), it is necessary that a large
number of bonds are activated, which with a quantum yield of 0.5, for example, can
lead to a very significant rise in local temperature. With a heat capacity of 2 J/g/°C,
in the absence of energy transfer (conduction, convection, radiation), a temperature
of 250°C can be reached! This critical situation raises the question of the choice of
the light source’s power, because the time associated with heat transfers can be a
parameter to be considered.

z
Trans isomer Cis isomer E 4 Trans isomer
uv . E
@/ Visible = Trans and Cis isomers
= 9

and/or S
heating B
- 2

Azo-benzene < Wavelength

) I 1

200 300 400 (nm)

Figure 1.83. Problems associated
with light stimulation

With one-photon light absorptions, the absorbed intensity follows a law of
decreasing exponential in the simple cases, with more significant effects in the
vicinity of the arrival of photons. It is then a complex nonlinear process whose
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modeling of the deformations remains difficult. Moreover, in the chemical system
generally retained (which must be reversible) the compound Cis produced also
absorbs (but less than the most stable compound, which is the Trans (see
Figure 1.83)). It is the Trans-Cis passage which induces the deformation which is
reversible by return of the Cis to the Trans, but the sharing of the incident photons is
a factor of thermal rise of the medium. In reality, it is necessary to place ourselves in
conditions where the thermal aspects can be neglected (small size actuators).

1.4.6.3. Heat transfer (Fourier law)

The event is inseparable from the options to which it has given rise; it
is that place constituted by often surprising choices that have modified
customary distributions, groups, collectives, parties and communities,
according to an unexpected division. (de Certeau 1994)

The materials selected in the literature are essentially polymers with low thermal
conductivity. If heat is used to induce physical transformations of the object, the
temperature must change in the mass of the material (which explains the choice of a
stimulation by light). From an applicative point of view, the average characteristic
time of heat transfer 7, inside the material assumed to be homogeneous, for a given
distance d and a diffusion coefficient D,, is defined by the following approximate
law:

d= Df‘[

So with D, = 1073 cm/s? for d = 1 cm, a heat transfer time of about 15 minutes!

Fourier’s law is a phenomenological law similar to Fick’s law for the diffusion of
matter or Ohm’s law for electrical conduction. These three laws can be interpreted in the
same way: the inhomogeneity of an intensive parameter (temperature, number of particles
per unit volume, electric potential) causes a transport phenomenon that tends to fill the
imbalance (thermal flow, diffusion current, electric current).

Box 1.13. Fourier’s law

Lantada (2017) conducted an analysis of the response times of different active
systems. Figure 1.84 from his synthesis confirms the considerations presented
above. Given heat transfer coefficients about 100 times higher than for material
transfers, strongly amplified effects are expected.
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10° dynamics!
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Figure 1.84. Force-time response relationships in actuators: 1: magneto-resistive
system; 2: biological muscles; 3: high-performance EAPs; 4: McKibben-type muscles;
5: SMP structures; 6: ceramic and polymer electroactive multilayers; 7: electroactive
polymers; 8: hydroactive polymers; 9: shape memory foams; 10: SMPs; 11: ditto with
fillers; 12: SMP + McKibben; 13: bi-metal; 14: tri-metal; 15: SMA; 16: SMA + Peltier
effect; 17: MEMS; 18: magnet-MEMS; 19: NEMS

1.4.6.4. Material transfer (Fick’s law)

Material transfers are generally between 10 and 100 times slower than heat
transfers. The possible effects will therefore be very slow. This is what happens, for
example, when a deformation is induced by the pH, requiring the diffusion of H+
atoms in the solid material, or the transfer of a solvent inside a polymeric matrix.
Therefore, with D,, = 10® cm?/s for d = 1 cm, a material transfer time is of the order
of 10 days (but only 0.01 second for a distance of 1 pm). Apart from these “average
time” aspects, which already illustrate a problem that is difficult to deal with, there
are aspects related to the thicknesses crossed: for sensitive materials, the effect of
humidity, for example, close to the arrival of water molecules, will start much earlier
than for materials placed deeper. Moreover, delay phenomena can appear with
active materials which have space-dependent material diffusion coefficients.
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Moreover, over the course of time, micro-fractures can appear within the material(s),
significantly modifying the transport processes or the diffusion coefficients.

Within these two time-consuming areas are internal elements that are largely
related to materials. These consume internal energy or extract energy from stimuli to
move/deform and generate forces for spatial change of passive structures.
Non-equilibrium effects are related to creep as in linear polymers or filaments.

The interplay between activity and conformational degrees of freedom
gives rise to new structural and dynamic features of individual
polymers, as well as interacting assemblies. (Winkler and Gompper
2020)

The properties of active materials depend on the coupling of the stimulated
process with the conformational degrees of freedom of macromolecular structures
associated with the coupled presence of local steric and hydrodynamic interactions
that result in “time-consuming” conformational and dynamic properties. These two
antagonistic effects probably play a role in the response time of the active structures
and in the maintenance in time of their mechanical actuation properties; for the
moment, the literature is, on this problem, relatively silent. It would undoubtedly be
useful to examine the importance of the flexible modes corresponding to
conformational fluctuations in connection with intra-macromolecular interactions.

1.4.6.5. Manufacturing anisotropy

Disruption is not a fad, not a trend, it is our new paradigm. (Mallard
2018)

If an object is made by stereolithography (for the moment with 1 photon), the
light arriving on the surface to be polymerized is more absorbed at the surface than
at depth (André 2017). The part present toward the surface is thus more polymerized
(or even rigidified) than the areas located deeper. Under these conditions, the
elasticity of materials, active or not, depends on spatial parameters. If we try to use
actuation modes exploiting light (case of azobenzene type compounds, for example),
the photons can contribute simultaneously to a hardening of the resins and to the
desired deformation. This situation is thus not, a priori, the most recommendable! In
other modes (molten wire in particular), it is the anisotropy of the deposit that leads
to the desired deformation effect.

It is therefore not possible to separate the manufacturing process from the
desired 4D effect. Moreover, these examples show the difficulty of a good
programming of the relations amplitude of the stimulation — an effect on the changes
of form and/or the functionality.
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1.4.6.6. Other problems

One must be willing to scuttle in order to comply with the requirement
imposed by the disruptors [...]. But to scuttle, you need a vision.
(Mallard 2018)

Not mentioned here are other problems that would have to be considered: that of
the mathematical control of deformations (considered for massive materials as very
difficult by Weeger et al. (2019) and Ding et al. (2019)), of the optimal design, nor
of the response time and local amplitudes of the stimulations in the active material,
nor of the footprint of the stimulus generating system. Figure 1.80 illustrates one of
the difficulties of exploiting 4D printing: knowing the properties of the materials
under stimulation, how and where to position the active voxels in an inert supporting
material, how to calculate the local flows in time and space of energetic stimulation
(advantageously using light?) for a 3D object to move from one shape to another,
from one functionality to another? This work is beginning to be approached in
simple model situations. At best, it only concerns grid structures, as shown in
Figure 1.85.

Figure 1.85. The issue of modeling shape change by stimulation:
the “possible” case of a structure composed of segments

These elements define real limits to the development of 4D printing.
For example, for low response times, it would be necessary to produce very small
objects, or perhaps to use optical (stereolithography technique) or electromagnetic
(wire fusion process) stimulations, for which we know how to have time
bases adapted to the demand. In any case, these technological constraints are
areas of research to be conducted to push 4D printing toward an industrial
technology.
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1.5. And tomorrow?

Scientists founded, beyond the production of knowledge, systems of
action that influence nature and society, systems of value that inspire
norms and ideals, systems of representation on which discourses and
postures of authority are based. (Rasmussen 2015)

The most common liquid crystals are formed by amphiphilic molecules. The
specific forces involved in these crystals are thought by NAP (2019b) to be atypical
(Davidson et al. 2015; Zhou 2017). This results in unusual conformations and
functionalities (Jeong et al. 2015). For example, the ferro-nematic liquid crystal
phase (a liquid exhibiting long-range ferromagnetic order coexisting with nematic
order) was created by dispersing ferromagnetic nano-disks with magnetic moments
normal to their flat planes in a conventional nematic. After further treatments, the
magnetic excitations are overdamped and would not exhibit the dispersion observed
in the traditional way. It is with such modes of action that new ways of using liquid
crystals have opened up, in particular for chemical and gas sensors. These advances
are based on the disruption of liquid crystal orientations at the liquid crystal/solid or
liquid crystal/air interface, caused by the product to be measured. If this type of
behavior has not, to the authors’ knowledge, been directly exploited for 4D printing,
it is not the case for elastomeric crystals.

In another domain, granular materials are aggregates of individually solid grains
that interact with their neighbors via contact forces. Their properties do not depend
significantly on temperature and they do not explore the many internal
configurations of systems in thermal equilibrium (they are non-ergodic). One of the
most remarkable properties of granular materials is their ability to change from a
fluid to a solid state by simply applying pressure or, equivalently, by increasing the
volume fraction of the constituent particles. Moreover, according to their radial
distribution function (for mono-dispersed hard spheres) the space can be filled with
a variable number of spheres, as illustrated in Figure 1.86 (in statistical mechanics,
the radial distribution function, classically noted g(r), describes, in a particle system,
how the density varies as a function of the distance from a reference particle). In
fact, between materials and their forms, there are, independently of the modes of
stimulation, an infinite number of possibilities. Let us recall Friedman (2018) who
wrote: “I do not know reality, but it seems to me that it cannot be faced otherwise
than by the image”. 4D printing makes us see, so it is an excellent laboratory to try.

NAP (2019b) shows that non-spherical and same-sized particles with more
exotic shapes can jam under their own weight. This area falls under random
architecture (Keller and Jaeger 2016), but, to the authors’ knowledge, has not yet
been applied in 4D printing.
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Cubic(d = 71/6) Face-centered cubic(d =7/(18)?)  Hexagonal (d =71/(27)'?)

Figure 1.86. Density related to regular stacks of spheres (according to
http://villemin.gerard.free.f/Wwwgvmm/Geometri/SpheEmpi.htm)

Thus, regardless of the form (e.g. metamaterials) the exploration of systems that
can evolve under the influence of stimulation is probably not complete. It would be
interesting to examine whether transitions linked to regular voxel stacks
(heterogeneous or hybrid 4D) can be at the origin of original 4D printing, provided
that we have first solved the questions of printability.

How do we know that we will find the right threesomes between materials, local
and global forms (3D printing) and stimuli that meet the specifications in this almost
infinite (and largely unexplored) world? Will we have to develop anticipatory
thinking on new possibilities of action, using a complex analysis of weak signals?
Or will we have to work with trial and error methods? Perhaps the future will tell us.

According to Schoemaker et al. (2012): a weak signal is “isolated information that, at
first glance, is akin to background noise, but when studied through another analytical
framework, or linked to other information, can ultimately be understood as part of an
important informational pattern for the organization”.

Box 1.14. Weak signals

[Universities] do the basic research that large companies no longer do
and assume the risks and part of the cost of that work. (Lécuyer 2015)

Engineering is also, in its own way, about working your way through
the space of all possible solutions to a problem, climbing from
solution to solution, each better than the last, until you reach the
optimal solution. (Benyus 2017)
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Science is in fact entering a transitional phase. It was historically
anchored in Cartesian principles of duality and reductionism defined
by empirical facts that can be apprehended by the senses. (Vinardi
1980)
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