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Abstract

With only a limited palette of ingredients, biological materials overcome the limitations of each single
component's mechanical properties by organizing their structure in intricate and complex assemblies,
which span from the nano to the macroscale. Common structuring strategies, like aligned building blocks
and localized compositional changes, characterize such hierarchical assembly, conferring to natural
composites, such as wood, bone and nacre, outstanding mechanical properties that greatly surpass the
rule of mixture, as well as dynamic and adaptable responses to the external environment. Inspiration and
emulation of these phenomena represents a strategy for the development of renewable materials that,
presenting properties competitive with synthetic materials, will contribute to severing the dependence
of our society on non-renewable resources. With the recent developments of 3D printing technologies,
materials showing controlled microstructures of natural building blocks can be artificially produced. In
particular, the direct ink writing (DIW) of materials containing anisotropic rod-like cellulose nanocrys-
tals (CNC), demonstrated to allow local control over the alignment of such nanoparticles, promoting
anisotropic reinforcement of the final printed composites. As a result, local tailoring of the mechanical
properties allows to manufacture lightweight optimized devices for structural applications. However,
the majority of 3D printed nanocellulose materials only present static properties. The development of
complex 3D printed cellulose based materials presenting both intricate ordered structures as well as
dynamic and reversible responses to external stimuli is still in its infancy and limited to few examples.
Adaptable behaviors and movements as reaction to external stimuli are appealing features that would
promote the spreading of nanocellulose based structures to applications ranging from sensors to actua-
tors.

Owning to their renewability, biodegradability, biocompatibility, high surface area, ease of chemical
functionalization and outstanding mechanical properties, CNC represent versatile reinforcing building
blocks that allow the development of 3D printed devices with co-occurring mechanical optimization and
smart photoresponsive behaviors. In order to tackle this challenge, this thesis proposes three approaches
that introduce light triggered adaptable behaviors in 3D printable CNC based composites: photostiffen-
ing, shape changing and photosoftening.

The first approach leads to the development of a DIW 3D printing platform for the production of mate-
rials with locally tuneable mechanical properties. By engineering CNC particles and a compatible pol-
yurethane matrix, both bearing cinnamate moieties, a processable ink with high solid contents (e.g. 30
wt%) could be produced and processed. The cinnamates functional groups into the printed and cured
composites act as photoswitches. UV light (365 nm) triggers the [2,2] cycloaddition of the cinnamates
creating covalent bonds between particles, particles and matrix, and into the matrix forming a secondary
polymer network. This secondary polymer network is responsible to increase the Young's modulus from
15 MPa to 75 MPa depending on the irradiation dose. The stiffness of this material hence is tailored
both by aligning the CNC along the printing direction and by illumination. Moreover, spatial control
over the light source confers very high design freedom to finely tailor the mechanical behaviors since it
allows to freely produce photopatterns of stiff domains in the printed material.

The second approach introduces 15 wt% of cellulose nanocrystals (CNC) into a liquid crystalline elas-
tomer (LCE) in order to enable the printing process by DIW of shape changing structures. CNC, acting
as rheology modifiers, facilitate the production of free-standing structures at room temperature, while
by controlling the extrusion induced alignment of such nanoparticles, the LC mesogens of the matrix
can be ordered in nematic phases. With the introduction in the composite of azobenzene photoswitches
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after curing, photomechanical behaviors are conferred to the printed material. The trans-cis-trans pho-
toisomerization of the azobenzene occurring under illumination (480 nm) generates the nematic to iso-
tropic phase transition in the LCE, leading to the bending of the material. This approach results in soft
composites, with an elastic modulus of 20 — 30 MPa, that present fully reversible photomechanical ac-
tuation occurring in less than 3 seconds. Moreover, the influence of methacrylated groups onto the CNC
surface was investigated and revealed to allow improve both the photoactuation performances and the
mechanical properties of the composites, improving stress transfer from the matrix to the particles.

In the last approach, anisotropic cellulose nanocrystals (CNC) are utilized as active reinforcement par-
ticles in DIW polymer ink formulations. By grafting azobenzene moieties onto the CNC surface, pho-
toresponsive features depending on the polymer matrix are conferred to 3D printed complex structures.
By using these CNC, the rheology influence of the modified particles on polymer resins allow DIW of
self-standing structures, while the shear and extensional forces align the CNC leading to anisotropic
mechanical properties. When treated CNC are introduced into polyurethane acrylate suspensions, up to
15 wt%, the 3D printing of the ink can be achieved successfully. Moreover, the printed structures present
fast and reversible photosoftening, with longitudinal elastic modulus going from 30 to 16 MPa when
illuminated, and a shape memory effect. In this case, the trans-cis-trans photoisomerization of the azo-
benzene generates heat that triggers the thermal properties of the polyurethane acrylate matrix.

Finally, the DIW of nanocellulosic materials demonstrates to allow fast prototyping of devices for a
wide range of applications, such as optimized protective structures (photostiffening material), actuators
(shape changing material) and dynamic energy absorptive structures (photosoftening material). The sig-
nificant versatility and design freedom observed in these three approaches are expected to expand further
the range of applications of the photoresponsive CNC composites.
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Résumé

Avec seulement une palette limitée d'ingrédients, les matériaux biologiques surmontent les limites des
propriétés mécaniques de chaque composant en organisant leur structure avec des assemblages étroite-
ment imbriqués et complexes, qui s'étendent de 1'échelle nano a I'échelle macro. Des stratégies de struc-
turation, telles que des particules alignées et des changements localisés de la composition de la matiére,
caractérisent un tel assemblage hiérarchique. Ces assemblages conférent aux matériaux composites na-
turels, tels que le bois, 1'os et la nacre, des propriétés mécaniques exceptionnelles, qui dépassent large-
ment la régle du mélange, ainsi que des propriétés adaptables et des réponses dynamiques a 1'environ-
nement extérieur. L'inspiration et 1'émulation de ces phénomeénes représentent une stratégie de
développement de matériaux renouvelables qui, présentant des propriétés compétitives avec les maté-
riaux synthétiques, contribueront a supprimer la dépendance de notre société vis-a-vis des ressources
non renouvelables. Grace aux développements récents de technologies d'impression 3D, des matériaux
présentant des microstructures controlées de blocs de construction naturels peuvent étre produits artifi-
ciellement. En particulier, 'écriture directe d'encre, de 1'anglais Direct Ink Writing (DIW), de matériaux
contenant des nanocristaux de cellulose (NCC) en forme de tige ou d'aiguille, a démontrée qu'elle per-
mettait un contréle local de l'alignement de ces nanoparticules, favorisant le renforcement anisotrope
des composites imprimés. L'adaptation locale des propriétés mécaniques d'un matériau permet de fabri-
quer des dispositifs 1égers, optimisés pour des applications structurelles. Cependant, la majorité des ma-
tériaux a base de nanocellulose imprimés en 3D ne présentent que des propriétés statiques. Le dévelop-
pement de matériaux a base de cellulose imprimés en 3D présentant a la fois des structures ordonnées
et imbriquées, ainsi que des réponses dynamiques et réversibles a des stimuli externes, en est encore a
son commencement, et est limité a quelques exemples. Des comportements et des mouvements adap-
tables, en réaction a des stimuli externes, sont des caractéristiques attrayantes qui favoriseraient la dif-
fusion de structures a base de nanocellulose a des applications allant des capteurs aux actuateurs.

Les NCC sont issus de sources renouvelable et présentent biodégradabilité, biocompatibilité, une grande
densité de surface, facilité de fonctionnalisation chimique et des propriétés mécaniques exceptionnelles.
Grace a ces caractéristiques les NCC représentent des éléments de renforcement polyvalents qui per-
mettent le développement de dispositifs imprimés en 3D avec une optimisation mécanique simultanée a
des comportements photosensibles intelligents. Afin de relever ce défi, cette thése propose trois ap-
proches qui introduisent des comportements adaptables déclenchés par la lumiére dans des composites
a base de NCC et imprimables en 3D : le photodurcissement, le changement de forme et le photo-adou-
cissement.

La premiére approche conduit au développement d'une plateforme d'impression 3D DIW pour la pro-
duction de matériaux aux propriétés mécaniques localement ajustables. En concevant des particules
NCC et une matrice de polyuréthane compatible, toutes deux portant des dérivés de l'acide cinnamique,
une encre avec une teneur élevée en solides (par exemple 30 % en poids) pourrait étre produite et im-
primée. Les groupes fonctionnels cinnamiques, dans les composites imprimés et durcis, agissent comme
des photocommutateurs. La lumiére UV (365 nm) déclenche la [2,2] addition cyclique des dérivés cin-
namiques créant des liaisons covalentes entre les particules, les particules et la matrice, et dans la ma-
trice. Ceci forme un réseau polymére secondaire. Un tel réseau secondaire est responsable d'augmenter
le module de Young des composites imprimées, de 15 MPa a 75 MPa, en fonction de la dose d'irradiation
lumineuse. La rigidité de ce matériau est donc adaptée a la fois par l'alignement des NCC le long de la
direction d'impression et par I'éclairage. De plus, le contrdle dans I'espace de la source lumineuse confére
une treés grande liberté de conception pour adapter finement les comportements mécaniques, puisqu'il
permet de produire librement des motifs géométriques de domaines rigidifi¢ dans le matériau imprimé.
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La deuxiéme approche introduit 15 % en poids de NCC dans un élastomére a cristaux liquides (LCE)
afin de permettre le processus d'impression par DIW de structures a changement de forme. Les NCC,
agissant comme modificateurs de rhéologie, facilitent la production de structures imprimés a tempéra-
ture ambiante, tandis qu'en controlant 1'alignement de ces nanoparticules, induit par I'extrusion, les cris-
taux liquides de la matrice peuvent étre ordonnés en phases nématiques. Avec l'introduction dans le
composite de d'azobenzéne comme photocommutateurs, apreés cuisson, des comportements photoméca-
niques sont conférés au matériau imprimé. La photoisomérisation trans-cis-trans des azobenzenes, se
produisant sous illumination (480 nm), génére la transition de la phase nématique a la phase isotrope
des cristaux liquides dans le LCE. Ce qui conduit a la flexion autonome du matériau. Cette approche
aboutit a la production de composites souples, avec un module d'élasticité de 20 a 30 MPa, qui présentent
un actionnement photomécanique entiérement réversible, se produisant en moins de 3 secondes. De plus,
l'influence des groupes méthacrylés sur la surface des NCC a été étudiée et révéle de permettre d'amé-
liorer a la fois les performances de photoactuation et les propriétés mécaniques des composites, amélio-
rant le transfert de contraintes entre la matrice polymérique et les nanoparticules.

Dans la derni¢re approche, les NCC sont utilisés dans les formulations d'encre polymére par DIW
comme particules actives de renforcement. En greffant des azobenzenes sur la surface des NCC, des
caractéristiques photosensibles sont conférées aux structures complexes imprimées en 3D qui dépendent
de la matrice polymere employé. En utilisant ces NCC, l'influence rhéologique sur les résines polymeres
des particules modifiées permet I'impression de structures par DIW, tandis que les forces de cisaillement
et d'extension alignent le CNC, conduisant a des propriétés mécaniques anisotropes. Lorsque les CNC
traités sont introduits dans des suspensions d'acrylate de polyuréthane, jusqu'a 15 % en poids, l'impres-
sion 3D de l'encre peut étre réalisée avec succes. De plus, les structures imprimées présentent un photo-
ramollissement rapide et réversible, avec un module d'élasticité longitudinal allant de 30 a 16 MPa,
lorsqu'elles sont éclairées, et un effet de mémoire de forme. Dans ce cas, la photoisomérisation trans-
cis-trans de 'azobenzéne génére de la chaleur, qui déclenche les propriétés thermiques de la matrice
polyuréthane acrylate.

Enfin, le DIW de matériaux intelligents, a base de NCC, démontre qu'il permet le prototypage rapide de
dispositifs pour une large gamme d'applications, telles que des structures de protection mécaniquement
optimisées (matériau photo-rigidifiant), des actionneurs (matériau a changement de forme) et des struc-
tures qui absorption d'énergie de fagons dynamique (matériau photo-adoucissant). La grande polyva-
lence et liberté de conception, observées dans ces trois approches, devraient contribuer a élargir davan-
tage la gamme d'applications des composites CNC photosensibles.
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1 Introduction

1.1 Motivation and Goals

Today's society shows a strong interest in severing the dependence on petroleum based materials. With
an ever-increasing focus on sustainability, research and studies on materials issued from renewable re-
sources are flourishing inspired by the astonishing properties of biological materials. Through millions
of years of evolution, natural materials have optimized their structural organization in order to reach
outstanding mechanical properties. Wood is one example where, common strategies such as
sophisticated geometrical structural design, compositional changes and oriented hierarchical assemblies
of reinforcing building blocks are used to finely tune mechanical properties [1]. Insect cuticles and spi-
der fangs represent other interesting examples where these strategies are also applied; both are chitin-
protein based composites, but with vastly different organizations. For spider fangs, a tip composed of
highly crosslinked proteins with packed and oriented layers of chitin fibers [2], and an optimized mac-
roscopic conical shape [3], allow for easy perforation of insect cuticles. Not limited only to present static
physical and chemical properties, biological materials can also respond to external stimuli via various
movements and dynamic shape transformations, as well as adaptation of their mechanical properties, in
order to fulfill different biological functions. Some examples include the movements of Mimosa pudica
leaves [4] used to repel predators, or the closure of Dionaea muscipula [5] for feeding on insects, or the
reaction of wood tissues initiating mechanical self-optimization, as a response to external load cases [6].
Although the understanding of such mechanisms is progressing fast, the implementation of both opti-
mization of mechanical properties and reaction to the environment in engineered synthetic materials
remains challenging. Materials with optimized geometries, presenting tailored mechanical properties,
allow decreasing the weight and accessing very personalized features for sustaining particular load
cases. At the same time, dynamic materials triggered by external stimuli such as heat, light, pH or hu-
midity [7]-[10] are very appealing in the production of actuators [11], sensors [12], [13] and soft robots
[14], [15]. In particular, shape changing materials allow further weight and energy consumption reduc-
tions, especially by substituting hydraulic systems, hinges or engines. Within the biomedical domain
[16], [17] such combination of properties is particularly appealing and would allow access to applica-
tions where fine adaptability is required, such stents, implants and prosthetics. As a matter of fact, the
development of biocompatible and lightweight materials with tailored mechanical properties and dy-
namic responses is critical for several applications. However, the realization of such synthetic materials
based on renewable resources remains a major challenge.

3D printing, an additive manufacturing technology, shows promise for the synthetic production of com-
posite materials presenting controlled and determined microstructures [18]-[21], as well as shape chang-
ing materials with complex 3D geometries [9], [22], [23]. Bottom-up approaches such as 3D printing,
furthermore, allow for high spatio-temporal resolution while maintaining control over natural building
blocks and composition. The use of cellulose nanocrystals (CNC), a natural, biocompatible building
block, extracted from biomass, has attracted great attention due to their potential in polymer composite
applications as a reinforcement phase [24], [25] and rheology modifier [24], [26], [27], which allow
material processing by extrusion-based 3D printing, such as direct ink writing (DIW). Indeed, DIW is a
technique that additively manufactures self-standing 3D structures from inks requiring optimized rheo-
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logical properties, with a layer-by-layer filamentary extrusion. The use of CNC in DIW inks demon-
strated to confer both printability and a strong reinforcement effect in the final composite. One example
is the printing of textured cellular architectures presenting spatially tailored elastic moduli [26]. The
anisotropic CNC particles have shown a high degree of alignment along the extrusion directions, due to
the strong shear and extensional forces experienced during printing [26], [28]. Thus CNC orientation is
spatially controlled by DIW and confers anisotropic mechanical reinforcement. Moreover, with the same
principle, DIW has demonstrated to be the 3D printing technique of choice for production of synthetic
shape changing materials, especially because shear and extensional forces can also be used to impart
control over molecular organization in liquid crystalline elastomers (LCE) [29]-[31]. Here, the spatial
molecular control exerted by the extrusion printing determines the actuated movements [32], and by
controlling the printing parameters (nozzle diameter, printing speed and temperature), LCE are nowa-
days produced as structures able to display deformations like a 2D disc evolving to a 3D cone [33].

Despite the developments obtained so far in both hierarchical organization for tuning of mechanical
properties and stimuli responsive materials like shape changing, the production of 3D complex struc-
tures presenting both features by DIW is still far from the intricate complexity of natural materials.
However, the recent use of CNC as building blocks for DIW and production of 3D devices presents a
concrete potential to allow such development, although, stimuli responsive behaviors have so far only
rarely been introduced in such 3D printed composites and are limited to humidity as a trigger [34].

Among the available stimuli that can be utilized for imparting physical and chemical responses to syn-
thetic responsive materials, light emerges as a very advantageous stimulus with respect to its low energy
requirement, its contactless nature and the high control of both its physical properties (wavelength, po-
larization, intensity) and its spatio-temporal structure. Hence, with a particular focus on light responsive
functionalities, this work aims to produce 3D printable cellulose nanocomposites that present local ani-
sotropy in mechanical properties and, at the same time, enables dynamic and reversible changes in such
properties as well as shape transformations. Such materials would allow then the production of more
renewable smart devices than the currently available synthetic solutions. Moreover, with tailored me-
chanical properties they would be suitable for a wide range of applications requiring dynamic adaptation
and functions.

In order to achieve this aim, the following research goals are pursued:

e Exploration and development of strategies for the introduction of photoresponsive behaviors in
CNC based composites, by functionalization of CNC and engineering of the polymer matrix.

e Investigation on the influence of the defined modifications, introducing photoresponsive behav-
iors in cellulose nanocomposites, over the manufacturing process by DIW and the resulting
microstructures. Particular focus is brought on the rheological properties of the ink formulations
and the induced alignment of the natural nanoparticles within the 3D printed filaments and re-
sulting structures with tailored mechanical properties.

e In depth characterization of photoresponsive chemical, physical and mechanical properties of
3D printed composites and investigation of the interfacial properties of CNC with the polymer
matrices. Establishment of the synergy between photoresponsive behaviors and extrusion in-
duced alignment of CNC.

e Development and prototyping of photoresponsive devices demonstrating their potential appli-
cations.
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1.2 Thesis Outline

The research work began with the establishment of the possible photoresponsive behaviors that can be
introduced in 3D printed cellulose nanocomposites. As a result, three main materials were developed,
each of them presenting different methods and concepts allowing light to be harnessed and transformed
into stiffening, deforming and softening of 3D printed devices. This cumulative thesis features this work
by collecting three scientific publications that report the advances achieved during these years of inves-
tigation (Figure 1.2-1). This thesis is hence structured in 5 chapters. Starting from the present Chapter
1, the main motivations and the research objectives that are at the fundaments of this work are explained.
Chapter 2 provides the theory and the knowledge on nanocellulose materials required for the under-
standing of this work. In particular, Chapter 2 comprises a detailed description of the state-of-the-art of
both 3D printing of CNC based materials and 3D printing of photoresponsive materials and composites.
In order to present and describe the research gaps, this state of the art includes the main strategies for
the development of light stimulated smart materials.

Chapter 2
State of the Art

4 ™
Chapter 3
Publications
Mechanical Properties Tailoring Photoresponsive Movement Functionalized Cellulose Nanocrystals
of 3D Printed Photoresponsive in 3D Printed Cellulose as Active Reinforcements for Light
Nanocellulose Composites Nanocomposites Stimulated 3D Printed Structures

Chapter 4
General Discussion and Conclusion

Chapter 5
Outlook

Figure 1.2-1 Outline of the thesis.

The three scientific articles are then illustrated in Chapter 3. They represent the main core of this research
work and define guidelines that can be used to obtain smart materials composed of different elements:
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e The first article ""Mechanical Properties Tailoring of 3D Printed Photoresponsive Nanocellulose
Composites" presents a strategy introducing photoresponsive stiffening into printed parts. This
feature emerges with the creation of an on-demand secondary polymer network through modi-
fication of CNC and compatibilization with the polymer matrix.

e The second article "Photoresponsive Movement in 3D Printed Cellulose Nanocomposites"
demonstrates a strategy allowing 3D printing of composite materials presenting a photomechan-
ical effect, while investigating the role of CNC on the manufacturing process and the light trig-
gered performance.

e The third article "Functionalized cellulose nanocrystals as active reinforcements for light stim-
ulated 3D printed structures" introduces the last strategy, a modification of CNC that allows to
widen the quantity of printable materials and has the potential to present multiple responses to
a single illumination as a function of the matrix used.

The following Chapter 4 concludes the research work by providing a general discussion on the main
achievements of this work, the limitations and current challenges, and the implications of the results
presented in Chapter 3.

Finally, Chapter 5 provides perspectives and suggests future research paths that could be undertaken to
progress in the field of CNC based smart materials that react to light.
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2 State of the art

2.1 Nanocellulose as renewable building blocks

Cellulose is the most abundant polysaccharide present on Earth and can be found widely in trees, plants,
algae, marine animal (tunicates) and can be produced by bacteria (e.g. Acetobacter xylinum). With an
annual biomass production of 1.5x10'2 tons [1], cellulose emerges as an attractive resource for the pro-
duction of sustainable and ecofriendly devices and structures. Moreover, biocompatibility and biodeg-
radability render this natural polymer an interesting alternative to non-degradable petroleum based pol-
ymers.[2] Cellulose is formed of high molecular mass homopolymer chains composed of B (1-4) linked
D-glucose units. This polymer naturally presents degrees of polymerization ranging from 10000 to
15000 [3], depending on the source material. The cellobiose monomer comprises two anhydroglucose
units holding three hydroxyl groups each (Figure 2.1) responsible for forming strong hydrogen bonds
between adjacent glucose units and between the different chains. While intramolecular hydrogen bond-
ing stabilizes the linkage and promotes a planar and linear chain configuration, intermolecular hydrogen
bonding and Van der Waals interactions promote parallel stacking of several chains and formation of
elementary fibrils presenting high axial stiffness [4]. These cellulose fibrils further aggregate in micro-
fibrils with diameters lower than 100 nm and length of several microns [3]-[5]. Internally, cellulose
microfibrils present two cellulose regions, one where cellulose chains are highly oriented and densely
packed (crystalline cellulose) which provide strength and stiffness, and one disordered and loosely
packed (disordered cellulose) that brings flexibility to the bulk material [6].

Cellulose ! Cellulose
Molecule ' Nanocrystals

1
1 Cellulose
i Nanofibers

Figure 2.1 Schematics representation of nanocellulose. Cellobiose unit (cellulose molecule) self assemble in elementary fi-
brils or cellulose nanofibers composed of crystalline and disordered regions. Cellulose nanocrystals, are the rigid, mainly
ordered regions extracted form the cellulose nanofibers.
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The word nanocellulose generally refers to the elementary cellulose fibrils or microfibrils and their crys-
talline parts, namely known as cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC), respec-
tively. In particular, CNF are semi rigid elementary cellulose fibrils or microfibrils with diameters of a
few, up to tens of nanometer, and lengths of few micrometers. They are composed of both crystalline
and disordered regions, while CNC are the isolated needle, or rod-like, rigid crystalline parts with di-
ameters of tens of nanometers and lengths of hundreds of nanometers, usually presenting high crystal-
linity (54-88%) [7]. Both CNF and CNC are the main natural building blocks forming the elementary
cellulose fibrils constituting the cell walls in plants. Such fibrils are mainly responsible for conferring
outstanding mechanical properties to wood and other biological materials by acting as reinforcement
phases in hierarchically structured biopolymer composites. In particular, due to the high crystallinity,
CNC present high stiffness and strength, chemical inertness, low density and a hydroxyl surface prone
to functionalization [6]. Such nanoparticles are ideal for mimicking nature and to produce man-made
synthetic renewable nanocomposites. Therefore, this thesis focuses especially on CNC and in the fol-
lowing, starting from an insight of the role of nanocellulose in wood, details on the extraction methods
and properties of CNC are provided.

2.1.1 Role of nanocellulose in wood

To optimize their physical properties and ensure fulfillment of their biological functions in harsh envi-
ronments, biological materials are often characterized by hierarchical assemblies of few building blocks
spanning several length-scales. Such structures and designs are widely spread in nature, and can be seen
in nacre [8], bone [9] and plants [10], to cite some examples. Cellulose constitutes an important building
block in plants, including trees. In particular, wood, obtained from the tree stem, constitutes a complex
hierarchical cellular biocomposite material, with 40 to 50 wt% of cellulose, occurring in nanocrystalline
and amourphous states with around a 1:1 ratio [11]. The main sources of industrial nanocellulose are
hence wood pulp and cotton fibers due to their abundance and relative low cost. An overview of wood
hierarchy (Figure 2.2) and the role of cellulose such structure is presented in the following. However,
cellulose is part of all plants and several other sources, such as jute, ramie, sisal, flax, hemp are also
utilized for nanocellulose isolation [12].

In trees, cellulose is the main component of the cell walls. At the nanoscale, cellulose synthase (CESA)
complexes synthetize cellulose microfibrils from glucose units in the plasma membrane and extrude
them to the cell wall controlling their orientation [13]-[15]. Each CESA protein produces long cellulose
chains that bundle and assemble in cellulose microfibrils by coalescence supported by Van der Waals
forces and intermolecular hydrogen bonds interactions [13]. These microfibrils are formed of both crys-
talline and disordered cellulose regions and present a diameter around 3 - 4 nm [2], [10]. Surrounded by
hemicelluloses, the stiff cellulose microfibrils further arrange into cellulose aggregates with diameters
of 20 to 30 nm [16]. Microfibrils and cellulose aggregates are the reinforcement elements embedded in
a matrix of hemicelluloses and lignin, forming the complex biocomposite that are cell walls. Such struc-
tural elements are packed in different layers, each with different compositions, and orientations defined
by the microfibril angle (MFA) with the cell's longitudinal axis [17]. Cell walls layers are produced
sequentially from the plasma membrane, inward. A primary external layer and up to 3 secondary layers
usually constitute the cell walls of trees [ 18], providing the basic structural resistance of wood to internal
and external stresses. The primary wall, in its initial stage, is a thin cell wall layer (30-100 nm) consisting
of cellulose microfibrils, embedded in hemicelluloses and pectins [13], [19], [20]. Secondary cell walls
are then built, inward, on the primary cell wall, generally when the cell reaches its final size and shape.
With a higher portion of cellulose, secondary cell wall layers are thicker (up to 8 um for the central S2
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layer [20]) than primary walls and generally characterized by microfibrils oriented in parallel, embedded
in a matrix of hemicelluloses and lignin. Going further up in the length-scale, each elongated hollow
cell is attached to each other by the middle lamella (composed mainly of pectin and lignin) forming
tissue structures arranged in alternating layers, the annual rings [21]. In conifers, annual rings are defined
by successive layers of earlywood, with thin cell walls and wide lumina, and latewood, characterized by
thick cell walls and narrow lumina [22].

ANNRNRNRY
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‘Wooden boards

Figure 2.2 Multiscale hierarchical arrangement of cellulose in softwood. From a cellulose molecule, cellulose self-assemble
in microfibrils, which in their turn self-assemble in cellulose aggregates embedded in hemicelluloses and lignin. Such elements
arrange further, forming the cell walls, in several packed layers characterized by different cellulose density and orientations,
with respect to the main axis of the cell. The cellular structure characterizes the organization of wooden boards.

With just four basic constitutive materials, i.e. cellulose, hemicelluloses, lignin and pectin, the wide
variations and complexity of hierarchical assemblies, observed in different trees and plant tissues, gen-
erate a large palette of mechanical properties. For instance, materials like wood from different trees are
composed of these constitutive materials, but present very different strengths and young moduli, cover-
ing a large range of values. The elastic modulus and tensile strength of parenchyma tissues can be as

9



Chapter 2 — State of the art

low as 0.3 MPa, while the densest palms can reach values as high as 30 GPa for elastic modulus and
300 MPa for strength [10]. In addition, for the wood of the same species, the hierarchical structure
renders such materials anisotropic, presenting different mechanical properties as a function of the load-
ing directions (Figure 2.3).
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Figure 2.3 Tensile strength in function of Young’s modulus for diverse trees and plant materials composed of cellulose, hemi-
cellulose and lignin and tested either parallel // or perpendicular _L to the fiber orientation. Cellulose and lignin building blocks
are indicated in red. Adapted from Gibson et al.[10], with kind permission from The Royal Society (U.K.).

With local variations in the organization of the building blocks, occurring during the tree's growth, tree
and other plants can even optimize and locally tune mechanical properties as a reaction to external load
conditions like, for instance, the bending exerted by wind [23]. Structural optimization in trees emerges
from design strategies executed at all levels of the hierarchical assembly. As a result of adaptive growth,
the macroscopic shape of branches may present oval sections arising from eccentricity, in order to max-
imize bending stiffness [24]. The porous cellular structure of wood can be considered as a honeycomb
structure and provides the high specific stiffness and strength demonstrated by these materials. Here,
the tree can increase or decrease the thickness of cell walls and hence modify the relative density of the
structure, promoting an increase or decrease, respectively, of the elastic modulus and strength [25], as
well as, creating structural gradients minimizing shear stresses and inhomogeneities [19]. Moreover, the
tubular and unidirectional porous structure of such assemblies is optimized for water and nutrient
transport from the roots to the crown [26], [27].

The role of cellulose emerges at the nanoscale impacting all larger scales of the hierarchical structure.
In the cell walls, cellulose fibrils play an important structural function acting as main high strength
fibrous reinforcement phase. Optimization of the cell wall mechanical properties relies on the orientation

10



Chapter 2 — State of the art

of such building blocks. By varying the microfibrils angle (MFA) with the cell axis in the different cell
wall's layers, trees fine tune locally their mechanical properties, allowing for material adaptation during
growth and promoting the strong mechanical anisotropy. Indeed, the longitudinal Young modulus of
Pinus Radiata S2 secondary cell walls, measured by Cave et al. [28], drops from 45 GPa to 10 GPa
when the MFA is increasing from 10° to 40°, respectively. The mechanical anisotropy, arising from
cellulose microfibrils alignment in the cell wall, is also one of the factors that contributes in controlling
the elastic or plastic deformations of the cells [29]. In cells with only primary cell walls, specific patterns
of cellulose microfibril orientations dictate the anisotropic deformation behavior, due to generating an
anisotropic response to the hydrostatic increase in volume of the cell, allowing easier deformation in a
direction perpendicular than parallel to the fibrils axis [29], [30]. In addition to structural functions and
mechanical adaptability, the oriented arrangements of nanocellulose are at the origin of passive hygro-
scopic movements in plant materials. In dead cells, when properly arranged, oriented cellulose layers
can produce passive reversible movements as a function of the relative humidity due to transverse hy-
groscopic expansion or shrinking. In pine cones, scales are composed of two transversally oriented lay-
ers of lignocellulosic fibers that allow opening and release of the seeds when dry [31]. The hierarchical
arrangement of specialized cells in Delosperma nakurense seed capsules [32] provides opening of a
valve when wetted, to release the seeds. Combining the swelling of a layer of primarily cellulose in the
hexagonal cells of a keel and a hydration dependent change in curvature in the valve backing, a huge
deformation over 150° is obtained.

Finally, at the molecular scale, the optimization of the mechanical properties in hierarchical assemblies
utilizes local variations in composition of the matrix, i.e. in the hemicelluloses and lignin content, as
well as, in the polymerization of lignin [33]. Lignification of the secondary cell walls is responsible to
structurally embed cellulose microfibrils, increasing the wall stiffness and rigidity [10]. The examples
mentioned above describe mechanical optimization strategies, as a source of inspiration to produce ef-
ficient synthetic composite materials. Especially, those examples point out the role of nanocellulose as
main building block of hierarchical assemblies in plants, specifically in trees, and provide models for
stimulating and promoting the development of new engineered materials.

2.1.2 Extraction of cellulose nanocrystals from ligno-cellulosic resources

Being part of complex biopolymer composites, ligno-cellulosic feedstock used for CNC extraction gen-
erally undergoes pretreatments such as steam explosion [34] or alkaline and bleaching treatments [35],
which allow removal of lignin and hemicelluloses and lead to purified cellulose pulp. Isolation and
extraction of CNC from the cellulose pulp can then be achieved in several ways.

Acidic hydrolysis represents the most studied and industrially utilized process and includes the use of
strong concentrated acids to hydrolyze and esterify cellulose. The most used approach relies on sulfuric
acid and creates sulfate esters which promotes dispersion of CNC in aqueous media [36]. However
hydrochloric, phosphoric and organic acids can also be employed for the hydrolysis [37]. During the
process, the glycosidic bonds of disordered (amorphous) cellulose is attacked by the large concentration
of protons, and broken faster than bonds within the crystalline cellulose regions. This results in a short-
ening of cellulose chains and decreasing of the polymerization degree, which continues until reaching
the level-off degree of polymerization (LODP), which marks a strong decrease in the degradation kinet-
ics [38]. When desired, the reaction is hindered by quenching and the CNC can be extracted by centrif-
ugation and dialysis and successively redispersed in water by sonication. The resulting CNC will present
different morphologies, degrees of crystallinity and surface chemistry as a function of the source used
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for CNC extraction, as well as a function of process parameters (time, temperature) and the type of acid
employed during the process [37], [39].

Due to the large quantities of acid waste other routes such as enzymatic hydrolysis, ionic liquid and deep
eutectic solvents extraction are currently under investigation and development for industrial scale pro-
duction [40]. Enzymatic hydrolysis consists in the degradation of the amorphous cellulose regions, of
cellulose pulp, by enzymes such as cellulases. Under investigation, this process can be applied directly
on pre-swollen wood pulp fibers by adding xylanase to the cellulases mixture of enzymes, in order to
simultaneously degrading hemicelluloses and amourphous cellulose [41]. Enzymatic hydrolysis is still
limited to low yields, however represent a concrete potential for an eco-friendly production process [40].
In addition, replacement of acids with ionic liquids or deep eutectic solvents may represent an alternative
approach, due to the easy reusability of such solvents [42] even if the crystalline content of the obtained
CNC is lower than the one of CNC prepared by sulfuric acid hydrolysis.

2.1.3 Properties of cellulose nanocrystals and their applications in composites

CNC present a wide range of interesting physical and chemical properties that render such particles
appealing for a large palette of applications in polymer composite materials. At first, with the advantage
of being renewable, biocompatible and biodegradable, CNC are very interesting reinforcing particles.
Their outstanding mechanical properties, namely Young’s moduli ranging from 105 to 220 GPa and
tensile strengths as high as 8 GPa [4], [43], [44], coupled with a low density of 1.58 g/cm’[4], make
CNC competitive to well-established synthetic reinforcement fibers. For instance, glass fibers, the most
produced (> 4 million tons per year) and employed reinforcing fibers in synthetic polymers, show elastic
moduli and strengths spanning from 70 to 90 GPa and from 2 to 4.5 GPa, respectively, with a density
around 2.5 g/cm’® [45]. CNC may also compete with high performance polymer fibers, such as Kevlar®
or Carbon fibers that present Young’s moduli of 60 — 150 GPa and 200 — 900 GPa, strengths of 1.5 —
2.5 GPa and 2 — 7 GPa, densities of 1.4 and 1.7 — 2.2 g/cm’, respectively [45], [46]. Consequently, the
reinforcing effect of CNC in various polymer matrices has been studied intensively for the production
of composites in the last decades. Dispersions of CNC in latex [47], epoxy [48], polyurethanes [49],
polylactic acid (PLA) [50] and another wide variety of polymers [51], demonstrated the ability of im-
proving elastic modulus and tensile strength of the final materials, while decreasing elongation at frac-
ture. Such effects arise due to the strong mechanical properties of the CNC as well as the strong inter-
molecular interactions between particles and the polymer matrix promoting stress transfer [47]. The
stress transfer from the polymer to the CNC strongly depends on the quality of the particles’ dispersion
and will be maximized with the formation of a percolating network of well dispersed particles [52].
Moreover, particle alignment within the composites microstructure may confer anisotropic properties
and maximizes the reinforcing effect [53]. However, the great hydrophilicity of CNC limits and hinders
their homogeneous dispersion in hydrophobic polymer matrices and leads to the formation of microscale
aggregates, hindering the improvement of mechanical properties [54].

With a high surface to volume ratio and an important presence of hydroxyl groups, CNC particles can
easily be modified to introduce functional groups allowing modification of their interactions with the
environment. Acetylation, silanization and grafting of polymer chains [55] are among the available
chemical treatments employed to increase the quality of the dispersion of CNC in hydrophobic matrices,
further enhancing composite mechanical properties. For example, grafting of lactic acid on the CNC
surfaces allows to obtain PLA-CNC composites with 20 wt % of particle content, reaching a 1.5 fold
increase in storage modulus at 23° C and almost a 10 times improvement at 70° C, compared to the neat
PLA. Moreover, modifying the surface of CNC and increasing compatibility of the particle with the
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polymer matrix produce a decrease of the viscosity of the polymer melt or the suspension [51] promoting
a better processability, when compared with unmodified particles.

The addition of pristine CNC in polymers has the direct consequence of increasing the viscosity of the
matrix [56]. In addition, the presence of CNC in suspensions promotes nonlinear rheological properties.
In particular, CNC have the ability to impart strong shear thinning behaviors to Newtonian fluids. In
aqueous suspensions or low viscosity polymer resins with low CNC concentrations, particles are in an
isotropic state and do not particularly influence the rheology. However, with an increase in concentra-
tion, suspensions present viscoelastic responses to deformation showing shear thinning, arising from the
increasing shear induced alignment of the CNC. In concentrated suspensions, CNC form a percolated
network, which confers elastic properties to the suspensions at low shear stresses. While increasing the
shear stress, the CNC network is disrupted and the CNC particles can nematically align [57]. Thus, a
strong decrease of the elastic properties is observed and a transition from solid to liquid like behavior is
observed. This transition between states generally depends on concentration, shape and surface charge
as well as the ionic strength of the media [58]-[60]. Importantly, the influence of CNC on suspension
rheology is of particular interest for this thesis, because it allows the creation of printable inks, i.e. gels
processable by DIW, allowing the production of customized self-standing 3D structures. More details
about this particular application of CNC are provided in the next section. Nevertheless, other emerging
applications of CNC as rheology modifiers are also explored in water based drilling fluids, cement
pastes, paper coatings, lubricants, food additives and cosmetics [61].
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Figure 2.4 From the tree to iridescent colors. A) Isolation from wood and self assembly of CNC in the chiral nematic liquid
crystalline structure. The structure is responsible for reflection of left hand circularly polarized light and transmission of
right hand circularly polarized light, with wavelength dependent on the pitch dimensions (P/2). B) evaporation induced self-
assembled film photograph. C) SEM of the layered structure. Used with permission of the Royal Society of Chemistry, from
Giese et al. [70].
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The technical interest in CNC for production of synthetic composite materials is not only limited to their
mechanical properties and reinforcement effect. CNC are also interesting colloidal lyotropic liquid crys-
tals, which present appealing optical properties for photonic applications. The directionality of the cel-
lulose molecular assembly in CNC confers birefringence to the particles, i.e. CNC display anisotropic
refractive indexes. At a wavelength of 589 nm, Iyer et al. [62] measured the refractive indexes of ramie
crystalline cellulose I whiskers, being 1.603 and 1.523 for the extraordinary (parallel to the long axis)
and ordinary (perpendicular to the long axis) indexes, respectively. As a consequence, composites with
anisotropic orientation of CNC display an intrinsic birefringence [63], especially in nematically aligned
regions. In addition, when CNC concentration is sufficiently high in aqueous suspensions, these particles
self-assemble in a chiral nematic or cholesteric phase (Figure 2.4), presenting a left handed helicoidal
structure composed of aligned pseudo layers slightly rotated along the helicoidal axis [64]-[66]. Such
arrangements in CNC films obtained by slow evaporation of solvents, where the CNCs are dispersed,
are responsible for structural colors and iridescence [67]. The concentration required for the self-assem-
bly and the structural properties which influence the optical response can be controlled by particle aspect
ratio, ionic strength, surface charge and polymer grafting [68]. The chiral nematic ordering of CNC can
be imparted in composites and hence exploited to obtain mechanical reinforcement and interesting op-
tical properties [69]. Therefore, cellulose nanocrystals and their composites are emerging as potential
candidates also for decorative, photonic and counterfeiting applications [68].

The concurrence of their intrinsic physical and chemical properties with their ease of surface modifica-
tion [71] renders CNC a valuable asset in the development of all kind of composites with added func-
tionality. Owing to their low toxicity, biocompatibility, biodegradability large surface area and hydro-
philicity CNC are widely included in hydrogels for biomedical applications. The surface of the particles
can be easily adapted to transform CNC in effective drug nanocarriers for drug delivery. The strong
hydrophilicity of CNC prevent drying of wounds and their surface may be equipped with antimicrobial
functions during wound dressing or tissue engineering applications [72]. Despite the non-conductive
behavior of CNC, with the appropriate polymer grafting procedure these particles can become highly
conductive and be suitable for energy and electronic devices production [73]. In the last years, a growing
interest in the scientific community arose on introducing stimuli responsive functionalities in CNC com-
posites. Humidity triggered reactions can be easily introduced in polymers due to the strong hygroscopic
effect of CNC. With swelling and shrinking of two perpendicularly aligned CNC polyN-isopropy-
lacrylamide hydrogels bilayers, Fourmann et al. [74] demonstrated shape morphing behaviors upon wet-
ting and drying cycles. A distinctive color change could be obtained by Lu et. al in CNC-Polyacrylamide
films intended as humidity sensors [75]. There, the self-assembled CNC helicoidal structure undergoes
swelling, which increases the pitch of the chiral nematic phase, leading to a red shift. Other triggers and
functionalities were developed either by modifying the surface of CNC or by engineering suitable ma-
trices. By grafting of polyacrylamide onto CNC surfaces, Zubik et al. [76] produced thermo responsive
shrinking hydrogels employed for targeted drug release, demonstrating potential application for wound
dressing. The introduction of carboxylate groups and amine groups onto the surface of CNC promotes
pH sensitivity to CNC nanocomposite systems, leading to pH dependent swelling [77] or even shape
memory effects [78]. Further stimuli responsive functionalizations of CNC composites exist, such as
those triggered by light. For instance, mechanically switchable photo-responsiveness of CNC/ethylene
oxide/epichlorohydrin composites was achieved either by grafting of benzophenones or coumarins on
the CNC surface [79], [80]. However, the main efforts so far have been focused on introducing thermo
and pH responsive functionalities while utilizing the CNC's intrinsic hygroscopic behaviors [81] rather
than exploiting light as a stimulus. Nevertheless, CNC bear an important potential for the development
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of smart and multifunctional "green" composites for high technological applications that requires dy-
namic reactions to the environment.

2.2 3D printing of cellulosic materials

Inspired by the mechanical designs of wood in trees, but also from other naturally available hierarchical
structures such as nacre [8] or bone [9], scientists focused on production techniques of CNC reinforced
composites that allows to control orientation of particles and create textured architectures that enhance
composite mechanical properties and/or confer other functionalities. Such textured composites can be
manufactured by solution casting of self-assembled structures [82], templating approaches [83], [84],
shear casting or film drawing [85], [86], electrospinning [87], melt compounding and extrusion [54], or
even with alignment induced by strong magnetic fields [88]. However, the obtained macroscopic shapes
of the final composites produced in these ways remained often limited to simple 2D geometries, or
simple 3D geometries defined by external molds. Differently, the emergence of 3D printing technologies
has allowed providing geometrical freedom to the produced composites. Moreover, by adding materials
instead of removing it from a monolithic block, 3D printing accounts also for a reduced waste of mate-
rials.

Nanocellulose based composites could be processed by stereolithography (SLA) [89], Fused Deposition
Modeling (FDM) [90], [91] and DIW [92] in complex architectures. Extrusion based techniques are
particularly interesting for the printing of materials with controlled hierarchical structures [93]. As men-
tioned above, with the shear and extensional stresses during printing, anisotropic particles align along
the printing direction and precise local control can be exerted over the particles’ orientation. In particu-
lar, DIW is a versatile bottom-up platform, virtually allowing to print layer by layer all kind of materials
as soon as they display the correct rheological properties [94]. As a consequence, DIW revealed to be
the perfect technology for manufacturing nanocellulose based composites due to the gel-like behavior
of nanocellulose suspensions, their strong shear thinning and the fast post stress recovery [92] that allow
printing 3D self-standing structures. DIW printing of composites based on CNC was not really spread
and investigated until 2017 and was mainly limited to manufacturing of low concentration of CNF hy-
drogels and suspensions (<3wt% solid content) as bio-inks [95]. In 2017, Siqueira et al. [96] demon-
strated the 3D printing of relatively high solid content of CNC (10 — 20 wt%) in polyurethanes matrices.
There, CNC functioned in a dual role as rheology modifiers, allowing the printing, and as reinforcing
agents. The alignment of CNC along the printing directions was observed by polarized optical micros-
copy and confirmed by 2D WAXS measurements indicating a degree of alignment around 84%. The
control over the orientation of CNC resulted in anisotropic tailoring of the composites' mechanical prop-
erties, where a 10 fold increase in the Young's modulus was measured in the longitudinal direction, i.e.
parallel to the printing direction, while a 8 fold increase was observed in the transverse direction, i.e.
perpendicular to the printing direction. This work paved the way for the use of CNC as natural building
blocks allowing the production of 3D printed lightweight devices that exhibit tailored mechanical re-
sponses, inspired by the hierarchical structures found in wood and other biological composites. Succes-
sive efforts, in 3D printing of CNC based composites, led to the fabrication of hydrogel structures suit-
able as scaffolds with porosity gradients controlled by the printing parameters [97]. Strong and
lightweight structures like a hook supporting more than 700 times its own weight could be created ex-
ploiting the 3D printing of complex shaped CNC hydrogels [98]. With a first step, DIW conferred local
alignment to the CNC while shaping the macroscopic complex shape of the hydrogel. Then, the printed
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part underwent an infusion and densification process in order to allow production of composite struc-
tures with relatively high CNC volume fractions (27.35 vol%). DIW is hence a very powerful tool for
the production of hierarchically structured materials.

Time t=0

Figure 2.5 3D printed structures of nanocellulose-NIPAM hydrogels with swelling and anisotropic actuation behaviours. C)
Combination of two bilayer strips produced by 3D printing of nanocellulose-NIPAM hydrogels (20 wt% CNC) leading to
synthetic architectures that twist. On the left is the scheme of the printing pattern (45/135° filling) and on the left side,pictures
of the evolution of the anisotropic actuation of the printed structures. Adapted from Fourmann et al. [74].

The complexity of the microstructures obtained by DIW need still to be improved in order to increase
the range of physical behaviors and functionalities available in printed structures. So far, CNC are
mainly employed in 3D printed devices for their reinforcement effect combined with their intrinsic bio-
compatibility biodegradability and low toxicity and follows CNF composites and hydrogels as scaffolds
for tissue engineering and targeted biomedical applications [99]. Differently, latest developments of 3D
printed CNC composites should focus on imparting multifunctionality and stimuli response to the
printed device exploiting simultaneously anisotropy and surface state of CNC. Despite the increasing
development of CNC smart and stimuli responsive composites, only few examples of materials pro-
cessable by DIW are present and are still limited to soft hydrogels. Mostly, humidity triggered shape
morphing behaviors have been explored. As an example, Fourmann et al. [74] developed antibacterial
and shape morphing 3D printed CNC hydrogels (Figure 2.5). The printed material demonstrated reversi-
ble bending during cycles of swelling and de-swelling in water. Since DIW conferred the local CNC
orientation to the printed layers, the shape morphing movements and directions can be predetermined.
Water adsorbs on the CNC, generating a swelling of the hydrogel transversal to the orientation of cellu-
lose nanoparticles.

The possibilities offered by printing CNC composites are currently in their infancy. The ordering and
structuring of CNC in composites by DIW, could be exploited to create materials with stronger and
tailored mechanical properties while CNC could be functionalized offering a series of different functions
or responses to the environment, not yet limited to humidity changes. Thus, there is a need of broadening
the quantity of 3D printable renewable CNC based materials as well as the application fields of smart
devices reacting to different environmental stimuli.

2.3 Photoresponsive molecular switches and their effects

Photoresponsive polymers are materials that show a change in one of their physical or chemical proper-
ties upon irradiation with light. Switches, placed in the polymer are generally the main triggers for the
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stimulated responses and can act irreversibly or reversibly on the material properties. Figure 2.6 illus-
trates some examples of common photoswitches and their phototriggered reactions. Irreversible
switches are photolabile molecules, such as o-nitrobenzyl or benzophenones derivatives, that undergo
cleavage reactions, producing either solubilization, depolymerization and degradation [100] or, in-
versely, generation of highly reactive radicals leading to crosslinking and further polymerization [101].
Reversible photoswitches consist of photochromic molecules, such as cinnamates and coumarins, that
undergo reversible cycloaddtion reactions, or diarylethenes, spiropyran and azobenzenes, that undergo
reversible light-driven isomerization, and generate different material behaviors related to their photosta-
tionary states [102]. These molecules can be dispersed in solutions, grafted in side chain positions or
surfaces, or being part of a polymer backbone. Depending on their interactions with the immediate en-
vironment and its structure, the nanoscale isomerization is amplified to express a wide range of mac-
roscale phototriggered functions as gel-sol transitions, motions, stimulated changes in stiffness, wetta-
bility transitions and optical responses [82], [102]-[105]. Amongst these photoresponses, on demand
dynamic mechanical properties and motions display particular complementarity with 3D printing tech-
nologies, which could allow coupling of geometrical effects with the photoresponses. Consequently, the
following reviews the principal strategies employed in the development of materials presenting pho-
tostiffening, photosoftening, and motions induced by the shape memory and photomechanical effect as
well as the state of the art in the 3D printing of such materials.

o-Nitrobenzyl photocleavage

Azobenzene photoisomerization

Spiropyran photoisomerization

e *

Figure 2.6 Examples of common photoswitches and their light triggered reaction.
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2.3.1 Photostiffening and photosoftening

Light triggered mechanical property transformations on demand arise, after illumination, mainly be-
cause of irreversible reactions of photoresponsive functional groups. Indeed, the common strategies used
to make phototriggered stiffening in polymers is achieved by increasing the density of crosslinks, i.e.
increasing the quantity of covalent bonds between the main polymer chains, or by the creation of a
secondary interpenetrated network. Photoinitiators as benzophenones, quinones, phosphine oxides and
ammonium salts [106] are examples of molecules allowing such behavior. By dissolving the photoreac-
tive species in the appropriate monomer solution, light triggers the creation of radicals (for acrylates) or
the generation of acids (for epoxies) and leads to the transformation of a liquid resin into a stiff and solid
crosslinked material. Such technology is nowadays widespread for coatings, adhesives, negative photo-
resists and 3D printing by stereolithography [107]. With the same principle, photoinitiators can be added
into solid materials to provide light triggered secondary crosslinking. As mentioned above, Biyani et al.
[79] could graft benzophenones to CNC and trigger with light, hydrogen abstraction from the ethylene
oxide/epichlorohydrin matrix and thus generating particle/matrix covalent bonds that increased the stift-
ness of the composite. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), a visible light pho-
toinitiator has been dispersed in methacrylated hyaluronic acid soft hydrogels produced by Michael-
type addition [108]. When the hydrogels were illuminated with blue light, the unreacted methacrylic
groups could then create a secondary network and increase the stiffness on demand.

Strategies promoting reversible photostiffening are currently under development. Replacing irreversible
photoinitiators with molecules such as coumarins, that display a reversible photoresponsive [2+2] cy-
cloaddition, allowed the formation of hyaluronic acid-coumarin grafted hydrogels switching on com-
mand from a supramolecular assembly to a covalently bonded and stiffer material [109]. With a different
approach, photostiffening can be obtained reversibly also by introduction of free liquid crystals in azo-
benzene liquid crystalline elastomer (LCE) [110]. There, light triggers the isomerization of the azoben-
zene groups decreasing the solubility of the free liquid crystals. Thus elasto-capillary forces, opposing
to the formation of interfacial area, resists against deformation. However, such effect depends strongly
on the ratio of free liquid crystals to azobenzene, since below a certain threshold the opposite reaction,
photosoftening, emerges.

As for light generated stiffening, photosoftening is a response primarly obtained irreversibly with the
introduction of photolabile molecules as o-nitrobenzyl or in the polymer network but also reversibly
with dynamic covalent bonds, or isomerizable moieties such as azobenzenes. In the irreversible ap-
proaches, the photoswitches are generally introduced in the main chain of the polymer and undergo
photolysis leading to chain breakage. Such materials can be considered as photodegradable and find
their main application as positive photoresists [111]. As an example, Giebler et al. synthetized epoxy
terminates o-nitrobenzyl derivative and produced a thermally cured photodegradable materials [112].
Once illuminated with UV light, photocleavage of the nitrobenzyl group generates a decrease in T, and
hardness of the illuminated regions. Interestingly, the use of cinnamates and coumarins and their re-
versible photodimerization can be employed for the production of photodegradable materials when the
main crosslink of the polymer network consists in the dimer of such molecules. Polyurethanes with
grafted end chain coumarins [113] and poly(butylene adipate) diol with cinnamate end chains [114]
display reversible phototriggered degradation that has been harvested for intrinsic self-healing. Indeed,
such materials can degrade under illumination but can also create further crosslinks with the appropriate
wavelength and thus close and heal cracks (Figure 2.7).
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Figure 2.7 Schematic diagram of self-healable polyurethane based on the reversible light triggered cycloaddition of end chain
coumarins. Reprinted from Wang et al. [113], with permission from Elsevier.

Finally, reversible photosoftening is widely demonstrated by azobenzene based LCE [115]-[118]. When
the photoisomerization of azobenzenes occurs as a fast oscillation between £ and Z states, it triggers an
increase in free volume [116], it generates heat [119], and can modify locally the microstructure of the
crystalline phases [120]. Each effect contributes to the reversible softening of the crosslinked liquid
crystalline material.

2.3.2 Shape memory effect

Separately, photostiffening and photosoftening are stimuli responsive behaviors that tailor the mechan-
ical properties of smart materials on demand. Interestingly, their subsequent implementation is the main
strategy generating motion due to shape transformations. Indeed, the incorporation of cinnamate, cou-
marins and anthracene moieties and their photodimerizetion [121] is at the origin of the main photore-
sponsive shape memory effect, i.e. the ability of a deformed material to return to its original shape upon
illumination. These chromophores have been incorporated as pendant groups in n-butylacrylate (BA),
HEMA and ethyleneglycol-1-acrylate-2-CA copolymers [104], polyurethane-PCL-polyL,L-Lactide
(PLLA) multiblock copolymers [122] or in PCL [123]. As illustrated in Figure 2.8, each material can be
mechanically deformed while illuminated at a wavelength of 365 nm (programming step), which acti-
vates the dimerization reaction, creating the secondary network of covalent bonds (photostiffening),
which fixes the temporary shape. When illuminated by light with 254 nm wavelength, the chromophores
undergo the reversible reaction breaking such covalent bonds (photosoftening), leading the materials to
the recovery of their original shape and hence a photoactuated movement.

Another approach has been proved efficient in the development of light actuated shape memory poly-
mers: the photothermal effect [124]. Indirect switches like metallic particles or carbon derived building
blocks are introduced in temperature responsive polymers. The photoresponsive behaviors arise because
these fillers are converting the incoming light radiation in thermal power that, in turn, triggers the
thermo-responsive behavior of the polymer. As a relevant example for this thesis, CNC grafted with
silver nanoparticles were shown to be used as photothermal elements and introduced into thermal shape
memory PCL by Toncheva et al.[125]. Such reinforcing particles can generate heat when exposed to IR
radiation, due to plasmonic resonance of the silver nanoparticles. The polymer can hence undergo
thermo-reversible Diels—Alder reactions that trigger the shape memory [126], [127].
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Figure 2.8 Photoresponsive shape memory effect. From an initial shape the material is deformed and illuminated at the ap-
propriate wavelength, which activate dimerization of photoswitches in order to fix a custom shape. Once illuminated at the
second wavelength the temporary shape is released when the reverse isomerization reaction takes place and the initial shape
recovered.

2.3.3 Photomechanical effect

Direct transformation of light energy in movements is defined as the photomechanical effect. Materials
demonstrating this behavior consist in a different class of photoresponsive materials called shape-chang-
ing polymers. These materials can actively undergo shape transformations upon illumination without
requiring a programming step, i.e. external mechanical deformation. Thus, such photomechanical reac-
tions being fully reversible, make shape changing materials potential candidates for the production of
artificial muscles, soft robots and a large range of actuators or light fueled engines [128]-[130].

Dynamic shape changes arise from polymeric photoswitches undergoing reversible photoisomerization.
Azobenzenes (Figure 2.6), undergoing trans-cis photoisomerization, are the most used in the field. Gen-
erally, these moieties strongly absorb in the UV region leading to the metastable cis state, while the
stable trans form is recovered by both visible light absorption or thermal relaxation. The possibility to
modify wavelengths of excitation and cis form lifetimes by substitution in para or ortho position of both
aromatic rings led to the creation of a wide range of azobenzene derivatives [131], [132]. The confor-
mational trans-cis change generates, in the azobenzene unit, a contraction of 3.5 A [133] that can be
harnessed and amplified to the macroscale (mm).

The straight-forward strategy for the production of a photomechanical polymer consists in the introduc-
tion of such molecules in a polymer network or by developing pendant side chain or main chain azopol-
ymers. However, control and transfer of the nanoscale motion to the macroscale requires conferring
order to the photoswitches, or their direct environment [134]. Indeed, azobenzenes present molecular
anisotropy and can act as a liquid crystal mesogens due to their rigidity in the trans form, thus conferring
a directionality to their pulling effect [135]. Therefore, in amorphous or isotropic polymer structures
only small isotropic volume contractions were observed. In particular, nylon fibers dyed with an azo-
benzene derivative could undergo only a 0.1% volume contraction due to the isotropic orientation of the
dyes [136]. A similar effect could be obtained by incorporating azobenzene units as crosslinks in
poly(ethyl acrylate) networks, leading to a 0.2 % reversible volume contraction [133]. Increase in the
azobenzene quantity showed to enhance volume contraction in crosslinked polymers, reaching a maxi-
mum value of 1 % [137]. Differently, when azobenzene moieties are nematically aligned (in azopoly-
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mer) or incorporated in liquid crystalline elastomer (LCE) with nematically aligned liquid crystal meso-
gens the material's contraction becomes anisotropic and can reach values as high as 30 % [138] in the
direction of the liquid crystal (LC) director. Here, the contraction of azobenzenes is amplified and their
conformational changes trigger the nematic to isotropic phase transition of the LC mesogens [119],
[139].

Two main manufacturing processes have been extensively used for the production of ordered LCE.
Finkelmann et al. [140] demonstrated the first example of aligned photoresponsive LCE having a 20 %
uniaxial contraction. A two-stage cross-linking process was applied to a side chain LC polysiloxane
with azobenzene crosslinks. The first polymerization allows the formation of the main network, while
the second polymerization is carried out during imposed tension to fix a strain induced nematic align-
ment. More complex LC arrangements are produced by introducing monomer solutions at nematic tem-
peratures in conventional LC alignment cells exploiting rubbed alignment layers [130], [141]. There the
mixture is photopolymerized to fix the nematic order.
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Figure 2.9 Influence of LC mesogen nematic arrangements on the movements of photoresponsive LCE. Uniaxial nematic pro-
duce surface contraction where illuminated and successive bending (a). Homeotropic LC arrangements instead produce ex-
pansion of the illuminated region followed by a reverse bending (b). Splayed nematic LC arrangements promotes light inde-
pendent bending depending on the splay director ﬁ direction (c). Twisted nematic present curling or twisting as movements
that can be programmed by defining the LC director 1l orientation at half twist (45°) and by defining the right or left hand twist
of the LC mesogens.

The control over the LC director and type of phase in photoresponsive LCE is an important parameter
that programs the out of plane or 3D motions of LCE films [142]-[144]. Generally, due to the high
extinction coefficient of azobenzene molecules, the triggering light is absorbed through the thickness of
the film. Thus, a gradient of activated switches is present: from a strongly activated illuminated surface
of azobenzene based LCE films to a non-activated dark surface (Figure 2.9). In uniaxial aligned nematic
LC arrangements, a contraction gradient translates to an out-of plane bending in the direction of the light
source, while in uniaxial homeotropic LC phases the bending occurs in the other direction due to expan-
sion gradients. Films with more complex nematic LC arrangements display behaviors that are more
complex. A bending independent from the light direction is observed with splayed nematic phases [143],
while curling and twisting arise from twisted nematic LC phases [145]. Additionally, light as a trigger
offers the possibility to control movements of azobenzene-based LCE by either affecting its properties

21



Chapter 2 — State of the art

or its spatial structure. Controlling the direction of linearly polarized light shining on a polydomain
azopolymer allows to control the direction of the film's bending [146] due to the selective light absorp-
tion of azobenzenes aligned with the polarization. Instead, structuring the illumination spatially and
temporally allows to create locomotion and to reproduce worm-like [ 138] or caterpillar-like [ 147] move-
ments.

2.4 Photoresponsive CNC composites

Besides research on stimuli responsive CNC based composites triggered by humidity and temperature
changes, the use of CNC nanocomposites that present photoresponsive behaviors has been also explored
in 2D-shaped materials. Owning to the influence of CNC on mechanical properties of the composites,
the photostiffening has been readily explored in CNC composites to improve the mechanical properties
of such materials [79], [80], [148]. To obtain photostiffening, the renewable nanoparticles have been
functionalized with indirect or direct photoactive elements, and used as active light stimulated elements.
Fox et al. [148] achieved photostiffening behaviors in poly(vinylacetate)-CNC composites by function-
alizing the nanocellulose particles' surfaces with allyl moieties and imbibing the material with a pho-
toinitiator and a tetrathiol crosslinker, in a successive step. When illuminated with UV, the photoinitiator
acts as direct photoactive element and triggers the reaction of allyl-CNC with the tetrathiol, creating a
covalently bonded network of the reinforcing particles. This results in the stiffening of the polymer
composites. In particular, this photoresponsive effect was used to hinder the plasticizing effect of water
on the composite films when immersed in such solvent. Poly(vinylacetate) composites with 20 wt% of
allyl CNC, presented the ability to increase their wet elastic modulus from ca. 60 to ca. 300 MPa after
irradiation with UV light for 20 minutes. As mentioned in the previous sections, CNC-based composites
demonstrating photostiffening were also produced by Biyani et al. by functionalizing CNC either with
photoswitches as coumarin [80] or benzophenones [79]. Coumarin modified CNC react to UV light by
undergoing dimerization of the coumarin groups, forming a covalently bonded network of CNC particles
inside the composite. A rubbery ethylene oxide—epichlorohydrin copolymer matrix presenting 10 wt%
of coumarin modified CNC presents a photoactivated increase of its tensile storage modulus at 25°C
from 199 to 291 MPa in the dry state, as well as from 38 to 80 MPa in the wet state. Differently, benzo-
phenone modified CNC allow to create both covalent bonds between the CNC and in-between CNC and
the polymer matrix. This is achieved by triggering benzophenone's hydrogen abstraction with UV light.
Light can hence trigger the increase of tensile storage modulus in composites, of an ethylene oxide—
epichlorohydrin copolymer containing 20 wt% of benzophenone modified CNC, from 407 to 508 MPa
at 25°C in the dry state.

The photostiffening observed in CNC composites has been used mainly to hinder the negative influence
of water on the mechanical properties of the materials. However, photostiffening also offers the possi-
bility to obtain multiple functions originating from the orthogonal stimulation of light and water. For
instance, the approach of Fox et al. [148] allows to locally control the crosslinking density with illumi-
nation time, and hence to create mechanical gradients. Combining such gradients with the plasticizing
effect of water confers to the wet poly(vinylacetate)-allyl CNC composites enhanced mechanical con-
trast across the length of the film. This would allow adapting the stiffness of the composites in order to
interface soft biological tissues with stiff therapeutic interventions. In the example of benzophenone
modified CNC composites of Biyani et al. [79], the strong hygroscopic behavior of CNC can be com-
bined with local photostiffening to modify the behavior of water triggered shape memory effects of the
materials. Swelling of the benzophenone modified CNC composites in distilled water, allows deforming
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the material in a temporary shape that is fixed upon drying. By selectively photostiffening defined re-
gions of the deformed material, hindering the shape recovery of these regions can be achieved, resulting
in modification of the composite movement, when the shape memory effect is triggered by wetting the
samples. Furthermore, it has recently been shown that the photostiffening of CNC composites can help
to improve and control water barrier properties. Vijay et al. [149] demonstrated that the functionalization
of CNC with coumarin moieties allows to create composite films presenting an increase the water barrier
performances as the degree of crosslinks arising from coumarin dimerization increases due to UV illu-
mination.

Besides photostiffening, self-healing and shape memory functions could be conferred to CNC compo-
sites by modifying either the polymer matrix and/or the reinforcing particles with photothermal agents
that would trigger temperature dependent responses of the surrounding polymer. Biyani et al. [150]
produced a supramolecular CNC composite by decorating a telechelic poly(ethylene-co-butylene) ma-
trix and CNC with hydrogen-bonding ureidopyrimidone. When these materials are illuminated with
light at 282 nm of wavelength, the ureidopyrimidone binding motifs generate heat causing the disen-
gagement of their hydrogen-bonding interactions. This results in a strong softening of the composites
due to the decrease of molecular weight and viscosity of the polymer, which allows to fill defects and
close interfaces. In particular, defects like scratches and cuts that were deliberately introduced in the
materials, could be optically healed efficiently, especially at high solid content of CNC (15 and 20 wt%).
A similar result could be obtained by end functionalizing telechelic poly(ethylene-co-butylene) with
2,6-bis(1’-methylbenzimidazolyl) pyridine (Mebip) ligands and Zn(NTf>), [151]. In this work, CNC
were introduced into the matrix to reinforce the self-healing polymer matrix. It was demonstrated that
CNC can bind to the Zn** used to assemble the metallosupramolecular polymer fulfilling their reinforce-
ment effect without modifying the morphology of the polymer nor the optical self-healing. When illu-
minated, the metal-ligand absorbs UV light, dissociating and making the polymer liquefy. In this way,
defects can be filled and as soon as the irradiation stops, the material comes back to its solid form and
recovers its mechanical properties. With a similar principle, shape memory of CNC composites could
be generated as already mentioned. By grafting silver nanoparticles onto surfaces of CNC, Toncheva et
al. [125] produced a PCL-CNC composite that demonstrates shape memory effect when illuminated
with IR radiation. The silver nanoparticles modified CNC convert the incoming radiation into heat due
to their plasmonic properties, triggering the thermo-responsive reversible Diels-Adler reactions that re-
lease the fixed temporary shape of the materials.

The development of CNC composites with various photoresponses is still progressing. Liu et al. [152]
formed composite films grafting poly{6-[4-(4-methoxyphenylazo) phenoxy]hexyl methacrylate} onto
CNC. The azobenzene group being part of the polymer graft allows the material to change color during
UV illumination due to the trans-cis photoisomerization of the azobenzene. However, further responses
of this material, as the typical photomechanical effect associated with the azobenzene photoisomeriza-
tion, were not investigated.

2.5 3D printing of photoresponsive materials

Conventional manufacturing techniques limited the production of stimuli responsive materials to one-
or two-dimensional simple shapes. Complex assembly steps would allow the development of intricate
3D geometries. Differently, 3D printing technologies allows to overcome such drawbacks. The manu-
facture of complex shaped devices in a single additive step offers easy, fast and reliable ways to produce
lightweight smart devices. Since the first demonstration of 3D printed thermo-responsive shape memory
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polymers in 2014 [148], a large variety of stimuli-responsive materials and 3D printing technologies
were investigated. However, the majority of the works reported so far are mainly focused on the devel-
opment of thermo-responsive shape memory materials and devices [149]. Common examples are the
thermo-responsive stents printed by Zarek et al. [150] manufactured in methacrylated polycaprolactone
(M-PCL) by SLA printing. By Fused Deposition Modeling (FDM) Yang et al. [151] shaped a commer-
cially available thermoplastic polyurethane (PU) elastomer in grippers which closed in function of the
temperature and were able to lift small non uniform objects like pens.

The 3D printing of photo-responsive devices has also been investigated and focused mainly on shape
memory materials or shape-changing materials (Figure 2.10). However, due to the extensive research
carried out on thermo-responsive 3D printed materials, the commonly employed approach is based on
the photo-thermal effect [149], [155]. Shape memory structures could be activated by NIR or IR irradi-
ation by incorporating photoheating elements. FDM printing of a PU embedding carbon black nano-
composite could be achieved for the production of cubic structures [152] unfolding during illumination,
or poly(lactic-co-glycolic) (PLGA) loaded with gold nanoparticles could be printed as shell for drug
release capsules [156]. Moreover, with the advantage of programming the LCE molecular order along
printing directions [157], [158], the recent DIW of LCE further allowed the printing of photothermally
activated shape-changing materials. For instance, Ambulo et al.[159] produced an acrylate-terminated
LCE embedding eutectic Ga-In liquid metal droplets. Such a material can convert both electric current
(joule effect) or NIR irradiation (photothermal effect) in heat, which triggers contractions and bending
of the printed films.

Despite these investigations, the 3D printing of materials with direct photoresponsive and photochemi-
cal effects is a very recent development. First efforts were made by Roppolo et al. in 2017 [115]. They
created photo-responsive microcantilevers with an SLA printer by incorporating azobenzene dyes in the
polymer bath to act both as resolution enhancers and photoswitching elements. The printed parts showed
photo-tuneable Young's modulus, however only slight light-induced volume changes were observed.
Indeed, SLA printing did not allow for controlling the orientation of LC phases as required to obtain
directional photo-induced movements [115]. Anisotropic contractions, out-of-plane bending and move-
ments have been achieved with the printing of LCE by DIW, which, as mentioned above, allows control
over the molecular order of the LC phase. Hagaman et al. [160] created bilayer actuators by printing
azobenzene side chains polysiloxanes on a polyimide film. The final actuators were able to carry out
light triggered bending independently from the light direction. Ceamanos et al. [153] created an LCE
embedding azobenzenes in the main chain as part of the polymer backbone. By printing at 60°C and
successively curing the ink for locking the LC phase (aligned to the printing direction) they conferred
both films with phototriggered bending movements and muscle-like contractions, which generated up
to 12 J/kg of specific work. As for previously developed thermo-responsive LCE [157], more complex
deformations like a 2D disc evolving into a 3D cone could be demonstrated by Lu et al. [154] for 3D
printed phototriggered Braille-like actuators. Interestingly, the authors created an LCE comprising acry-
lated crosslinked LC mesogens, azobenzene units, UPy and Diels-Adler adducts that allows the light
actuation to occur while being fixed by supramolecular interactions and reconfigurable crosslinks. Tack-
ling hence the challenge of cis-frans isomerization relaxation of the azobenzene. As the process is fully
reversible, the initial shape of the actuator could be recovered by heating the printed parts at 65°C.

Only few examples of 3D printable photoresponsive materials are available nowadays. Increasing the
number of these materials would contribute to further advance the field and to widen achievable light
triggered functionalities. As a matter of fact, new materials with the potential to lead to more complex
shapes and shape deformations, as well as, the potential to demonstrate adaptable chemical and mechan-
ical properties are required in order to exploit fully the potential of non-contact light actuation.
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Figure 2.10 Examples of photoresponsive 3D printed materials. a) and b) Unfolding cube under UV light and sunlight respec-

tively, adapted from Yang et al. [152], with permission from John Wiley and Sons. Muscle like photoinduced contraction (c)

adapted from Ceamanos et al. [153]. Braille-like actuators responding to UV and locking their actuated state (d). Principle of
photoactuation of a flower like device and its recovery either with blu light or by heating. d) and e) adapted from Ware et al.

[154], with permission from John Wiley and Sons
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3.1.1 Abstract

3D printing technologies allow control over the alignment of building blocks in synthetic materials, but
compositional changes often require complex multimaterial printing steps. Here, 3D printable materials
showing locally tunable mechanical properties are produced in a single printing step of Direct Ink Writ-
ing. These new inks consist of a polymer matrix bearing biocompatible photoreactive cinnamate deriv-
atives and up to 30 wt% of anisotropic cellulose nanocrystals. The printed materials are mechanically
versatile and can undergo further crosslinking upon illumination. When illuminating the material and
controlling the irradiation doses, the Young's moduli can be adjusted between 15 and 75 MPa. Moreover,
spatially controlled illumination allows patterning stiff geometries, resulting in 3D printed structures
with segments of different mechanical properties tailoring the mechanical behavior under compression.
The high design freedom implemented by 3D printing and photopatternability opens the venue to rapid
manufacturing of devices for applications such as prosthetics or soft robotics where the 3D shapes and
mechanical properties must be tailored for personalized load cases.

Keywords: cellulose nanocrystals, direct ink writing, mechanical adaptation, photoresponsiveness, secondary
crosslinking

3.1.2 Introduction

The development of biocompatible and lightweight materials, presenting tailored and adaptable me-
chanical properties for production of devices utilized in biomedical, soft robotics and other applications,
is a compelling issue in a technological world moving toward increased sustainability. In nature, bio-
logical materials have optimized their structural organization, reaching extraordinary mechanical prop-
erties for specific load cases. Sophisticated geometric structural designs, compositional changes and
oriented hierarchical assemblies of reinforcing building blocks, are the common strategies employed to
achieve such fine tailoring of the mechanical properties. For instance, insect cuticles and spider fangs
are both chitin-protein based composites, but the presence of highly crosslinked proteins at the tip form-
ing packed layers with determined orientations of chitin fibers [1], assembled into an optimized conical
shape [2], makes the spider fangs able to easily perforate the insect cuticle. Despite the fact that these
structural and chemical optimizations are well known and observed in many exemplary materials in
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nature, their implementation in synthetic composite materials for the production of optimized devices
remains challenging.

Additive manufacturing technologies, however, and in particular 3D printing, show promising results
for the artificial production of synthetic composite materials with controlled microstructures [3]-[6].
With a bottom-up approach, these technologies allow for a high geometrical freedom and an efficient
spatial control over natural building blocks and composition. In particular, natural and biocompatible
anisotropic building blocks, such as cellulose nanocrystals (CNC), have attracted great interest from the
scientific community due to their reinforcing properties and high potential in biomedical applications
[7],[8]. Shear and extensional forces experienced during extrusion based 3D printing, such as Direct Ink
Writing (DIW), allow to obtain textured cellular architectures where CNC have high alignment along
the printing directions [9],[10], hence spatially tailoring the Young's modulus of the produced structures.
However, local compositional changes in the matrix as well as local density patterns are still difficult to
produce with single-nozzle DIW printing since they require in situ mixing of materials with different
viscoelastic responses [11]. Such features might be achieved via multimaterial 3D printing approaches
[12], but these are usually time consuming due to the complexity of manufacturing and require careful
selection of compatible materials. Indeed, multimaterial printing often introduces incoherent interfaces
with abrupt changes of elastic modulus between materials to the manufactured composites, hence lead-
ing to stress concentration sites and defects that weaken the printed structure [13].

With a surface chemistry that enables specific functionalization, CNC represent interesting reinforce-
ment particles for the production of devices with compositional changes in single material printing. The
high quantity of hydroxyl groups on their surface is suitable for grafting specific functional groups to
increase matrix-reinforcement interactions [9] and adaptive properties [14] in response to external stim-
uli. In particular, light responsive cellulose based materials are highly interesting for biomedical appli-
cations with the need to operate in closed systems without addition of chemicals. Such materials offer
the possibility to obtain both improved matrix-reinforcement interactions and adaptability. Active cel-
lulose nanocomposites capable of improving their mechanical properties upon illumination could be
produced by grafting coumarin or benzophenone moieties on the surface of the reinforcing CNC
[15],[16]. When irradiated with defined wavelengths, these materials presented the ability to create
strong covalent bonds between cellulose nanoparticles and matrix, therefore increasing the crosslink
density and consequently the mechanical properties. Specifically, by illuminating defined parts, i.e. pho-
topatterning, of the sample, it is possible to have a spatial control and create materials composed of soft
and stiff domains combined by continuous interfaces [16]. However, such responsive materials were so
far only produced in two dimensions. By grafting phosphane oxides on CNC to promote photopolymer-
ization between CNC and PEG, it was possible to produce 3D structures by stereolithography printing
[17]. Nevertheless, the produced parts did not present further light responsivity after printing. Moreover,
differently than extrusion based 3D printing, where an orientation of CNC up to 84% was demonstrated
along the printing directions [9], one shortcoming was that control over alignment of CNC could not be
obtained. As a matter of fact, there is no research yet combining the influence of cellulose nanoparticles
orientation with an additional photoresponsive tuning of mechanical properties.

Here, we present an elegant solution that enables production of 3D structures with mechanically adapt-
able nanocellulose composites. Our method combines CNC alignment and light responsive tuning of
mechanical properties for enhanced tailoring of the final composite. The surface of the CNC is chemi-
cally modified by grafting of biocompatible photoreactive cinnamates [ 18], which have the property to
undergo reversible cycloaddition upon illumination with wavelength > 300 nm. Successively, function-
alized CNC can be dispersed in a polymer matrix also containing coupling cinnamate moieties (Figure
3.1-1). Being naturally rheology modifiers, CNC in the dispersion ensure the formation of a printable
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ink that can be processed by DIW and thus, shaped into complex 3D structures. In addition, the modifi-
cation of CNC allows the formation of a secondary polymer network, responsible for the increase of
elastic modulus upon illumination. With spatially controlled irradiation of the material, designs com-
bining soft and stiff regions can be achieved using a single material during printing. This approach
decreases the quantity of interfacial defects between soft and stiff domains and limits the abrupt stiffness
changes. Finally, combining 3D printing with spatially controlled illumination adds design freedom to
the produced parts, which can be fine-tuned for a wide range of applications. Single material devices
presenting complex structures with mechanical gradients ensuring energy dissipation, Young modulus
matching for adhesion and highly personalized load cases could be easily produced as impact absorbing
devices, substrates for flexible electronics or biomedical prosthesis.

Figure 3.1-1 Schematic approach for the manufacture of hierarchical structures showing functional gradients. Combination
of CNC and reactive monomers enables the 3D printing of complex architectures where CNC reinforcements are oriented
during the extrusion. After solidification, spatially controlled photostiffening is obtained by photocuring.

3.1.3 Results and Discussion

3.1.3.1 Cellulose Nanocrystal Functionalization

Incorporation of cinnamate moieties in the matrix and on the CNC surface introduces photoresponsive-
ness features to the composite parts. The [2,2] photoactivated cycloaddition of cinnamates results in
covalent bond formation in between CNC particles, and between CNC and the matrix, thus forming a
secondary polymer network, which further improves the elastic modulus of the composites, on demand,
by increasing locally their crosslinking densities and particle-matrix interfacial strength. While vinyl
cinnamate (VCA) was directly incorporated in the polymer network of the polyurethane acrylate (PUA)
matrix during polymerization, CNC were modified by grafting of cinnamoyl chloride on their surface.

The chemical reaction was successfully achieved as reported in Figure 3.1-2 and the comparison be-
tween Fourier transform infrared spectroscopy (FT-IR) spectra of unmodified CNC and cinnamate CNC
(cin-CNC) after 1 h of reaction (Figure 3.1-2a) allowed to assess qualitatively the final reaction product.
The appearance of the cinnamate carbonyl C=0 stretching peak at 1715 cm™ and the aromatic C-H bend
at 765 cm™! proves the presence of cinnamates on the surfaces of cin-CNC. Moreover, the decrease of
the hydroxyl peak in the region 3000-3500 cm™! and the relative increase of the acyl C-O stretching peak
at 1062 cm! show the transformation of cellulose hydroxyl groups into ester groups, emphasizing the
success of the reaction. Initially, the chemical reaction lasted 24 h, however the total disappearance of
the hydroxyl group peaks (Figure S3.1-2, Supporting Information) indicates that CNC underwent bulk
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transformation and the crystalline structure might be damaged during the process. Therefore, the struc-
tural integrity of cin-CNC and their relative crystallinity content changes were obtained from powder
X-ray diffraction (XRD) patterns. Figure 3.1-2b illustrates the results for the modified CNC after 1 h of
reaction. Respective crystalline indexes of CNC and cin-CNC were calculated by deconvolution of the
peak patterns. The chemical treatment decreases the crystallinity indexes from around 80% for unmod-
ified CNC to around 70% for cin-CNC. The pattern peaks become broader with longer reaction time,
indicating that the grafting process was actually modifying the structure of CNC. Sampling the chemical
reaction products from 1 to 24 h for XRD measurements confirms that the crystal structure of cellulose
I is destroyed as the treatment continues, until an amorphous material was obtained after 24 h (Figure
S3.1-3, Supporting Information).

In order to not compromise the anisotropic nature of CNC after modification (i.e. of cin-CNC), the
particle morphology was characterized by atomic force microscopy (AFM), as illustrated in Figure
3.1-2c.
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Figure 3.1-2 a) FT-IR analysis of cinnamoyl chloride grafting on the CNC surfaces. b) XRD analysis of cellulose nanocrystals
before and after 1 h of chemical functionalization. c¢) AFM pictographs comparing CNC and cin-CNC. d) Left vial: fully dis-
persed, not UV irradiated cin-CNC in NN'-dimethylformamide; right vial: cin-CNC, previously UV irradiated do not disperse

in the same solvent.

Despite the slight decrease of crystallinity index indicated by the XRD analysis after 1 h of reaction,
AFM pictographs do not show a substantial difference of the CNC sizes before and after chemical mod-
ification. In both cases, cellulose nanoparticles remain anisotropic with widths ranging between 5 to 10
nm and lengths between 70 to 140 nm. However, as for the crystallinity of CNC structure, the particle's
morphology strongly depend on reaction time since AFM images of longer reaction times show disap-
pearance of the CNC anisotropic nature (Figure S3.1-4, Supporting Information).
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Shaping the responsive material into an extruded filament and immersing it into pure N,N-dimethylfor-
mamide (DMF) (Figure 3.1-2d) demonstrates the cin-CNC's ability to create crosslinks between cellu-
lose particles when illuminated. Indeed, when the material is not subjected to UV illumination, the fila-
ments swell and disperse homogeneously as soon as they are in contact with the solvent. On the contrary,
when the cin-CNC is previously irradiated for 30 min with UV light, the immersed filament keeps its
shape and precipitates immediately. Moreover, the specimen resisted 30 min in an ultrasonic bath before
failure of the filamentary shape and the resulting filament parts do not disperse. Consequently, the chem-
ical treatment of CNC is limited to 1 h of reaction since this time demonstrated to be a valid compromise
between safeguarding of particle's anisotropy and achieving a strong functionalization. Thus, in all the
following experiments, cin-CNC refers to modified CNC obtained after 1 h of reaction.

3.1.3.2 Printable Ink Preparation

To fabricate composites with a DIW set-up, the extruded ink should show determined rheological prop-
erties, known as printability requirements, namely a strong shear thinning behavior, a storage (G') and
loss (G"") modulus superior than a few kPa and a dynamic yield stress (z,) higher than a few hundred Pa
[9],[19]. CNC are known rheology modifiers widely used for the production of biocompatible 3D print-
able inks [7],[10], since they allow obtaining shear thinning gels from Newtonian liquids.
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Figure 3.1-3 Rheological behavior of CNC composite suspensions with a,c) unmodified and b,d) modified surfaces observed
under a,b) flow and c,d) oscillatory conditions.

In the present case, the addition of CNC and cin-CNC into a resin composed of 50-50 weight PUA-
VCA monomers does not only target mechanical reinforcement but also enables tailoring of rheological
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properties of the inks for meeting the requirements of 3D printability. Adding at least 10 wt% of CNC
into the resin has the direct consequence of modifying the Newtonian behavior of the pure matrix re-
sulting in a strong shear thinning. While, further increasing the CNC concentration within the compo-
sites increments the viscosity as well as the apparent yield stress of the inks. In particular, rotational
rheology experiments (Figure 3.1-3 a, b) show that the measured viscosity (1) of composite inks in-
creases from 10 Pa s (neat matrix viscosity) to more than 10* Pa s with the addition of at least 10 wt%
cellulose nanocrystals. Then, # decreases several order of magnitude as the shear rate increases from
0.01 to 100 s! (typical applied range during DIW). Although both CNC and c¢in-CNC have a similar
influence on the ink's viscosity, cin-CNC present a weaker effect. While the addition of 20 wt% of
pristine CNC increases the viscosity of the ink up to 10° Pa s at low shear rates, the inks with 20 wt%
cin-CNC show viscosities that are one order of magnitude smaller. The different surface chemistry of
the ¢in-CNC influences both the electrostatic and hydrophilic particle-particle and particle-matrix inter-
actions. More precisely, the decreased amount of hydroxyl groups on the cellulose surface results in less
hydrogen bonds between crystals, reducing aggregation. Instead, the presence of hydrophobic aromatic
groups mainly promotes the stable dispersion of CNC in the matrix, thus allowing higher solid content
inks. This reduces the amount of processing steps required for the ink preparation, such as mechanical
mixing and ultrasonic bath cycles, as it is easier to disperse cin-CNC in the PUA matrix.

Oscillatory rheology experiments (Figure 3.1-3 ¢, d) were used to characterize the elastic and viscous
components of the ink's modulus and to determine the ink's dynamic yield stress. All tested modified
and unmodified ink formulations present similar rheological behavior. At low shear stresses, an equilib-
rium region with G'> G" confirms the stability of the inks as well as their solid-like elastic response. At
higher shear stress, shear thinning appears due to alignment and ordering of the particles [20]. At the
yield shear stress, when G'= G"', the inks present the transition between solid to liquid-like behavior as
G""becomes higher than G’ and both drop several orders of magnitude. Particularly, higher solid content
in the ink formulations produces a shift to higher moduli and shear stresses for both types of inks. In-
stead, the grafting of cinnamates on CNC surface shifts the curves in the opposite direction and induces
the appearance of a light shear thickening at high shear stresses. Indeed, all CNC inks present G’ > 10
kPa and 7, > 100 Pa while for cin-CNC a concentration of 30 wt% is needed to overcome those values.
Moreover, the light shear thickening effect is appearing for the 20 and 30 wt% cin-CNC inks at high
oscillating shear stresses. This result is typical for fumed silica dispersions and leads to the suggestion
that cin-CNC can form disordered clusters due to 7 stacking of cinnamate aromatic rings, jamming the
movement of the particles and creating a slight increase in the storage modulus of the ink [21].

Formulations containing 10, 15 wt% of pristine CNC and 30 wt% cin-CNC could be printed in 3D
structures with high shape fidelity (Figure S3.1-5, Supporting Information) since printability require-
ments were met (i.e. the inks presented the required rheological properties). For inks with 20 wt% CNC,
the high yield stress renders the extruding pressure too high for the used DIW and they could not be
printed. Even though inks with 15 and 20 wt% cin-CNC could be printed, only 2D parts were possible,
because 3D geometries were collapsing. In the following, we focused on 15 wt% cin-CNC printed flat
sheets to better understand the effect of functionalization on the mechanical properties of cured compo-
sites after printing.

3.1.3.3 Photoresponse of Printed Composites and Evolution of Mechanical Properties

To understand how the addition of CNC and cin-CNC influences the elastic moduli and strength behav-
ior of the polymer composites, and to compare the photoresponsive behavior of such fillers, 15 wt%
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inks were printed as single layers and were analyzed by dynamic mechanical analysis (DMA) and tensile
tests measurements. All printed composites were tested by loading in longitudinal direction to the par-
ticle orientation. DMA on not-illuminated samples showed that the presence of anisotropic nano-rein-
forcement improved the storage modulus £’ of the composites compared to the pure matrix (Figure
S3.1-6, Supporting Information), from 2 to around 15 MPa at 25 °C for both types of cellulose nano-
reinforcements. This result is in agreement with previously reported studies by our group [9],[10] on the
CNC alignment by DIW extrusion and its influence on mechanical properties. Consequently, other load-
ing directions were not investigated and the attention was focused on the photoresponse of the materials.

Irradiation with UV light at wavelengths > 300 nm allows improving the Young's modulus of both CNC
and cin-CNC composites, and to tune it by varying the irradiation time (Figure 3.1-4a). The DMA meas-
urements show that, by increasing the irradiation time, all composites present an improved elastic com-
ponent £’ of the modulus over a wide range of temperatures. CNC and cin-CNC composites have a
similar behavior when not illuminated, with £’ values of 17 and 15 MPa at 25 °C, respectively. However,
starting from 30 °C, cin-CNC composites become weaker, following the behavior of the neat polymer
matrix, probably due to weak particle-particle interactions coming from the reduced available amount
of hydroxyl groups on their surfaces. When CNC and cin-CNC composites are illuminated, £’ increases
faster for the pristine CNC composites. These materials double the value of storage modulus, £’ = 34
MPa at 25 °C in 30 min of illumination, while cin-CNC samples reach a lower value, from 15 to 23 MPa
at 25 °C. The photoreactive groups on the surface of CNC are most likely responsible for this behavior
since they compete with the reactive moieties of the matrix for the energy required in the photoreaction.
Thus, cin-CNC composites require more energy to achieve the secondary crosslinked network. Indeed,
after 90 min of irradiation, £’ of CNC specimens improves slightly from 34 to 40 MPa at 25 °C, meaning
that the materials are reaching the conversion of all cinnamate groups. Differently, after the extended
illumination, cin-CNC samples show a strong improvement of the storage modulus to the highest meas-
ured value of 67 MPa at 25 °C. In agreement with previous studies on similar photoreactive cellulose
nanocomposites [15],[16], the photoinduced improvement of the storage modulus in the CNC compo-
sites qualitatively demonstrates the ability of the cinnamate functional groups to dimerize, creating co-
valent bonds that in-crease the polymer's crosslink density. Instead, the larger storage modulus improve-
ment observed in cin-CNC indicates the formation of covalent bonds between modified fillers and
matrix, improving the filler-matrix interfacial strength.

As a direct consequence of photostiffening, the developed materials present the ability of shape-fixing
(Figure 3.1-4b). A flat printed beam of cin-CNC composite was rolled around a glass tube and UV
irradiated for 90 min while deformed. As a result, due to the creation of the secondary cinnamate's
crosslink network, the beam keeps its deformed shape after removal of the external stresses. This shape
fixing ability allows for printing simple geometries, in a first step, and shaping them later into complex
and application-specific geometries. This can reduce the amount of sacrificial structures (hence material
waste) during the 3D printing process. Moreover, cinnamate moieties can undergo reversible photore-
action when illuminated with wave-lengths < 300 nm and this process can be repeated for several cycles
[22]. This feature might be observed also in the developed materials. Modified cin-CNC would enable
the production of complex 3D stimuli responsive actuating devices, such as shape memory structures.
However, reversibility of the reaction in the cellulose composites was not investigated in the present
work as the focus was on spatially controlling the illumination of the composites.
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Figure 3.1-4 Light responsiveness of the 15 wt% cellulose based materials and influence of the photopatterning on the com-
posite mechanical properties. a) DMA measurement showing the photostiffening response for both CNC composites and its
dependence to irradiation time. b) Left, original printed sample; right, shape fixing ability of the composite after illumination.
¢,d) Tensile measurements of photopatterned CNC and cin-CNC composites, respectively. In the legend of the graphs, Long,
Trans, and Sinus stand for longitudinal, transversal, and sinusoidal pattern, respectively. e) Microscopy image illustrating the
interface of the photostiffened patterns for CNC (left) and cin-CNC composites. f) Comparison of strain fields at 20% defor-
mation between a nonilluminated cin-CNC composite and the same material with a sinusoidal photopattern.

To study the effects of photopatterning on the mechanical response of the materials, different sample
regions were selectively irradiated for 90 min with application of a photomask to create patterned re-
gions. Tensile tests of samples with stiffer straight lines (longitudinal and transverse to the loading di-
rection) or sinusoidal patterns show the results of versatile control over the mechanical properties of
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these light responsive composites (Figure 3.1-4 ¢ and d). In static measurements, cin-CNC samples
present a stronger reinforcement effect than CNC, with a Young's modulus mean value of 35 MPa com-
pared to 7 MPa and a strength of 12 MPa compared to 6 MPa for un-patterned samples (Figure S 3.1-7,
Supporting Information). While dynamic tests were carried out in nitrogen atmosphere, tensile tests
were carried out at 60% RH atmosphere. Due to the high hydrophilicity and hygroscopicity of pristine
CNC, the CNC compo-sites might absorb atmospheric water. As demonstrated in a recent study [23],
this would weaken the CNC-CNC hydrogen bonds in the composites, lowering their mechanical prop-
erties. Instead, after modification, cin-CNC presented a strongly decreased affinity to water (Figure
S3.1-8, Supporting Information) and this would prevent the plasticizing effect of the relative humidity.
Nevertheless, both not-illuminated composites show a similar general behavior. The stress strain curves
illustrate an almost linear deformation. Differently, patterned samples present a reduced linearity and
the appearance of an initial elastic regime with a yield point between 5% and 10% strain. The different
pattern geometries lead to improvements in Young's moduli and tensile strengths, while lowering elon-
gations at break compared to un-patterned samples. Specimens with longitudinal straight lines patterns
reached the highest values with a Young modulus of 30 and 101 MPa and a strength of 10 and 17 MPa
for CNC and cin-CNC composites, respectively. The samples of cin-CNC with transverse patterns, hav-
ing the same illuminated volume fraction (50%) of the longitudinal ones, present an intermediate stress-
strain behavior. Interestingly, patterning the cin-CNC composite with a sinusoidal line along the loading
direction with an illuminated volume fraction of 25% leads to a similar behavior as transverse patterning
but with 15% higher strain at failure.

While sinusoidal patterns provide an intermediate tensile response for both composite materials, trans-
verse patterns on CNC composites show a behavior very close to the longitudinal ones. Despite the fact
that the illuminated volume fractions of longitudinal and transverse patterns are theoretically the same
(50%), the result is not in agreement with the rule of mixture, suggesting that larger volumes were irra-
diated. Observations of the patterned CNC composites with optical microscopy (Figure 3.1-4e) confirm
that the interfaces between irradiated and nonirradiated regions were shady and blunted compared to the
cin-CNC composites. Moreover, the deformation of cin-CNC samples with sinusoidal patterns could be
observed by analyzing the strain filed in the loading direction with digital image correlation (DIC),
illustrated in Figure 3.1-4f, while CNC samples did not show any defined deformation pattern. The
difference of the interfaces between CNC and cin-CNC samples might be due to light absorption of the
particles. Indeed, CNC are transparent to the used UV wavelengths and act as scattering centers for the
incoming light increasing the size of the illuminated volumes. With the photomask's pattern width of
around 544 + 15 um, CNC composites presented patterns widths of around 650 + 25 um (Figure S 3.1-9,
Supporting Information). On the contrary, cin-CNC presented a photopattern width of 545 £ 8 pm,
which corresponds to the mask dimensions. This behavior arise from the greater light absorption of cin-
CNC , which reduces the scattering. This suggests the need for a more complete investigation focused
on optimizing the light interaction with the cin-CNC, since a small penetration depth of the light would
increase the photopattern resolution while limiting the maximum size of cin-CNC 3D printed parts.

The addition of functionalized cin-CNC within the polymer matrix allows tuning the mechanical re-
sponse of 3D structured parts by locally patterning the material. To demonstrate how local photostiff-
ening influences the deformation during compression of the parts, we compressed 3D printed honey-
comb and grid-like composite structures, of 4 mm height, with 30 wt% cin-CNC, as shown in Figure
3.1-5. Such geometries represent a suitable example to illustrate the versatility of our approach. 3D
printing is used to manufacture structures showing high out-of-plane specific stiffness, while photopat-
terning improves and tailors their in-plane response and deformation. The printed structures were illu-
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minated for 3.5 h and successively loaded with different weights within the DMA apparatus. The pic-
tures were taken 10 s after loading. The hexagonal honeycomb parts printed in a squared frame (Figure
3.1-5 a-c) present the most pronounced difference: while the nonilluminated sample shows a substantial
compression, the sample with a vertical line of illuminated hexagons sustains the weight, thus limiting
the deformation of the printed structure. By illuminating the center of the same hexagonal honeycomb
pattern, but in a circular frame (Figure 3.1-5 d-f), another effect can be observed. For a similar defor-
mation of the whole structures, 48% and 46% for unpatterned and patterned samples respectively, the
unpatterned structures suffer a bigger internal deformation for a lower load, which makes the inner ge-
ometry collapse. Differently, the central hexagons of the patterned sample support the same load without
collapsing. Finally, this effect is also observed for a squared grid-like structure in a circular frame (Fig-
ure 3.1-5 g-1) with a central illuminated circle. The selective photostiffening hinders the deformation of
the inner structure in comparison to the unpatterned sample. Importantly, this last sample shows a strong
buckling for loads higher than 250 g while the illuminated counterpart displays a light buckling after
300 g. These first results demonstrate the versatility and the design freedom that can be achieved com-
bining 3D printing processes with a photopatternable material. In particular, this property could allow
embedding and protection of sensitive electronics in structures that shall deform as in the case of soft
robotics, where incorporation of sensors, which do not influence the macroscopic deformation of the
device remains an open challenge [24]. Further investigation of high contents of functionalized cellulose
nanocrystals (cin-CNC) within the polymer matrix, with a focus on tailoring mechanical properties by
increasing complexity of both the 3D printed structures and the photostiffened patterns is expected to
open up for a wide range of applications such as medical prosthetics or soft robotics where specific local
load case requirements are needed.

Unpatterned Unpatterned Patterned

c)

a)

Figure 3.1-5 Compression of 3D structures printed with an ink formulation containing 30 wt% of cin-CNC. The pictures (a),
(d), and (g) represent unpatterned samples without load while the pictures (b), (e), and (h) are the same samples after com-
pressive loading. In the right column (c,f)i), the pictures demonstrate the effect of selectively photocrosslinked regions (illus-
trated by the red shapes) on the deformation of the samples for the same load case. The white scale bars represent 15 mm.
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3.1.4 Conclusion

We developed an approach to produce mechanically adaptable 3D structures by DIW process, where
the mechanical response is tailored upon UV illumination. This method introduces the photostiffening
to the produced parts by incorporating biocompatible photocrosslinkable cinnamates on the surface of
reinforcing anisotropic nanocellulose particles and into the PUA matrix. The strength of our approach
lies in the design freedom arising from the combination of DIW structuring and photopatterning while
keeping the simplicity of single material printing. To demonstrate the versatility of the method and pos-
sible mechanical responses, produced composites were fully or locally illuminated. Total illumination
led to general stiffening and shape fixing ability, while spatial control over illumination led to the for-
mation of localized patterns of soft and rigid domains in the composites, which allowed tailoring both
their tensile response and compressive deformation behaviors. Further effects on the mechanical prop-
erties of the composites may be accessible by increasing the complexity of patterned designs as well as
by varying the light intensity or the illumination time to produce, for instance, graded Young's moduli
through the sample. Therefore, combination of light triggered phenomena with the alignment and the
concentration of cin-CNC offer vast potential for the development of bioinspired functional graded ma-
terials, which can be adapted to particular load cases, required in impact absorbing structures in soft
robotic applications or in biomedical prosthetics, sensing and adhesion structures for flexible electron-
ics.

3.1.5 Experimental Section

Materials: Cellulose Nanocrystals (CNC), obtained from Eucalyptus pulp via sulfuric acid hydrol-
ysis, were purchased from University of Maine (Orono, Maine, USA). Cinnamoyl chloride (predomi-
nantly trans, 98%) and pyridine (99%) were purchased from VWR while vinyl cinnamate (VCA) (trans,
98%) and DMF (>99.5% synthesis) were purchased from Sigma Aldrich and Roth AG, respectively.
Dymax kindly supplied the polymer matrix, the difunctional polyurethane acrylate (PUA) BR3741A.
The photoinitiator, bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819) was acquired
from BASF.

¢in-CNC production: Grafting of cinnamoyl chloride on the surface of CNC was achieved by es-
terification of cellulose hydroxyl groups. Freeze dried CNC were dispersed in DMF to obtain a 20 wt%
gel. Dispersion and homogenization were achieved by placing the dispersion in a SpeedMixer (DAC
150.1 FVZ) for 5 min at 2000 and 3500 rpm, resting overnight at 5 °C and mixed again before use. 25g
of gel CNC/DMF were added to 225g of DMF and stirred for 30 min. The mixture was heated at 70 °C
in a three-neck reactor equipped with condenser and previously flushed three times with nitrogen. Ex-
cess amount of both cinnamoyl chloride (50 g) and pyridine (50 g) was added to the dispersion and the
reaction was carried out for 1 h. The reactor was then immersed in an ice bath to stop the reaction.
Modified CNC (cin-CNC) were washed with excess methanol for two times and finally with isopropanol
two times. The washing procedure was conducted using a centrifuge (ROTINA-380, Hettich) at 5000
rpm for 10 min for each step. Cin-CNC were finally stored in isopropanol to avoid drying and subse-
quent undesired agglomeration. All steps of the process were carried out in dark to avoid unwanted
photoreactions.

Ink production: Printable gels with CNC or cin-CNC were obtained with variable concentrations
of nano-reinforcements. CNC inks were produced in the following way: CNC/DMF dispersion was sol-
vent exchanged with isopropanol by centrifugation (4 times, 5 min at 5000 rpm). In the resulting CNC-
isopropanol mixture, the required amount of matrix (BR3741A and vinyl cinnamate with a 50-50 weight
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ratio) was added. The solution was stirred overnight and placed in an ultrasonic bath (TUC-150, TEL-
SONIC) for 15 min before evaporating all the solvent with a rotary evaporator (Rotovapor R-215,
BUCHI) at 100 mbar and 45 °C. Finally, the photoinitiator, Irgacure 819, was added with 2 wt% in
respect to the matrix amount. The obtained gel was mixed twice in the speed mixer at 2500 rpm for 5
min and twice at 3500 rpm for 5 min to obtain a homogeneous ink. Cin-CNC inks were obtained with
the same procedure as above, starting directly from the isopropanol dispersion.

3D printing: All composite samples were manufactured with a Direct Ink Writing printer (3D-
Bioplotter "Manufacturer Series", EnvisionTEC, Germany). Prior to printing, inks were loaded into 30cc
UV shielding cartridges and centrifuged at 2500 rpm for 10 min to remove air bubbles. After loading
the cartridge into the printer, the ink was pneumatically extruded with pressures ranging between 1 to 3
bar, through conical nozzles with inner diameter of 0.41 mm. The filaments were deposited on hydro-
phobized glass slides at speed ranging between 10 and 15 mm s™'. After printing, the produced parts
were cured under UV irradiation in nitrogen atmosphere for 20 min. The illuminating set-up was a self-
made chamber composed of 5 monochromatic LEDs (410 nm wavelength, 3W).

Photopatterning: Secondary UV illumination of cured printed parts was achieved by placing the
samples 13 cm from a flood high pressure mercury lamp (UVASPOT 400/T, Dr Honle) equipped with
an UVC filter (H2 filter, Dr. Honle) presenting maximum emission peak at 365 nm of wavelength.
Photopatterning was carried out using masks positioned directly on the samples. Photopatterning masks
were 3D printed with a Fused Deposition Modeling printer (Ultimaker 2+, Ultimaker) in a commercial
UV resistant polymer (ASA-X Black - 3mm, Dutch Filaments). The filament was extruded through a
0.40 mm nozzle at a speed of 40 mm s™!. Nozzle and bed temperatures were set to 245 °C and 85 °C,
respectively.

Fourier Transform Infrared Spectroscopy (FT-IR): Synthesis of cin-CNC was followed quali-
tatively with a FT-IR spectroscope (Tensor 27 IR, Bruker) equipped with a ZnSe crystal Attenuated
Total Reflectance (ATR) cell. CNC and cin-CNC were characterized as dried powder. Evaporation of
isopropanol from cin-CNC solution was achieved in an oven at 60° for 24 h. Measurements were carried
out three times per sample in dark and the representative spectrum was selected. Spectra were recorded
from 600 to 4000 cm!, with a resolution of 4 cm™ and 64 scans. Finally, spectra were normalized in
respect to the C-O stretching vibration frequency (1060 cm™) of the B-glucose units since not affected
by the chemical reaction [25].

Powder X-Ray Diffraction (XRD): Diffraction patterns of both types of CNC were acquired using
an X'Pert Pro XRD system from Panalytical equipped with a Cu Ko monochromator (A= 1.5418 A).
CNC were dried as explained above and placed on a silicon single crystal holder. Diffraction angles (20)
from 5° to 90° with step size of 0.016° were used for all XRD characterizations. Crystallinity index of
cellulose was then calculated by deconvolution of XRD patterns as reported in [26].

Transmission Electron Microscopy (TEM): The morphology of unmodified CNC was examined
using a JEM-2200FS microscope from JEOL with acceleration voltage of 200 kV. CNC were dispersed
in water by bath ultrasonication (30 min) and overnight mechanical stirring with a concentration of 0.01
wt%. Carbon coated grid surface was cleaned with 10s of oxygen plasma. A drop of the dilute solution
was then deposited on the grid for 60 s before washing with MillQ water. A drop of 2 wt% of uranyl
acetate was successively deposited on the samples for 2 min to stain the cellulose nanocrystals. Samples
were finally washed again with MillQQ water and stored overnight in a desiccator under vacuum.

Atomic Force Microscopy (AFM): Pictographs were acquired in soft tapping mode using an
ICON3 AFM from Bruker where commercially available silicon tips (RTESPA-150, Bruker) were
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mounted. Samples were prepared according to the procedure used in [27]. CNC and cin-CNC were
dispersed in water with a concentration of 2 mg/L and deposited on freshly cleaved mica for 30 s. Pos-
itive surface charge of the mica was previously obtained by pouring a 20 pL drop of 0.05 vol% of (3-
aminopropyl)triethoxysilane (APTES) for 60 s, rinsed with MilliQ water and dried with pressurized air.
The samples were stored under vacuum in a desiccator to avoid contamination prior to measurements.
Images were lightly processed to remove bows with the software NanoScope Analysis from Bruker.
Diameters of the CNC were measured by the height displacement of the cantilever tip.

Rheological characterization of printing inks: The rheological behavior of all the produced inks
was characterized at room temperature with an MCR 302 Anton Paar rheometer in a plate-plate geom-
etry with 25 mm of diameter and 0.5 mm of gap. Flow viscosity was obtained by changing rotational
shear rate from 0.001 to 1000 s™ with a logarithmic sweep. While, storage and loss modulus were meas-
ured with oscillatory strain variations from 0.01 to 1000 % at a frequency of 1 Hz with logarithmic
sweep. Apparent yield stress was defined as the shear stress when storage and loss moduli intersect i.e.
the gelation point. Three samples per ink were measured.

Dynamic mechanical analysis (DMA): was carried out using a RSA 3 analyzer from TA Instru-
ments in tensile mode, equipped with liquid nitrogen cooler. Tests were conducted with an initial clamp
distance of 20 mm. The measurements were carried out with a frequency of 1 Hz, a strain of 0.04%,
from -100 °C to 100 °C and a temperature rate of 3 °C/min. Tested samples were 35 mm x Smm x 0.35
mm strips cut from a single layer sheet of the printed composites. All samples were tested in printing
direction longitudinal to loading direction. For pure matrix samples, the sheets were produced with doc-
tor blade (0.5 mm). Secondary UV illumination occurred right before sample measurement. Measure-
ments were repeated three to five times for each samples condition.

Tensile tests were carried out in an universal mechanical instrument (AGS-X Shimadzu) equipped
with a 100 N load cell. Samples were tested at a speed of Smm min™! at 25 °C and 60% RH. Dog bone
specimens with a tested region being 30 mm x 4 mm were obtained by cutting printed single layer sheets
with thicknesses around 0.35 mm. As for DMA measurements, printing direction was longitudinal to
the loading direction. Photopatterned samples were illuminated for 90 min, stored in a desiccator under
vacuum and conditioned for 48 h to measurement room conditions (25 °C and 60% RH) prior testing.
A minimum of four measurements per sample was tested. Tensile tests were coupled with digital image
correlation (DIC) analysis by recording the sample deformation with a 9 Mpx Manta G-917 camera
from Allied Vision Technologies GmbH. Speckle patterns on the samples were made using an Iwata
CM-B-SB Airbrush with an acrylic black paint. Image analysis was carried out with the commercial
software VIC2D. Only one sample per condition was analyzed as demonstration.

3.1.6 Additional Information
Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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3.1.8 Supporting Information

Mechanical properties tailoring of 3D printed photo-responsive nanocellulose compo-
sites

Luca A. E. Miiller, Tanja Zimmermann, Gustav Nystrom, Ingo Burgert, Gilberto Siqueira®
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Figure $3.1-1 Chemical structure of main chemicals composing both matrix and reinforcing particles.
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Figure $3.1-2 FTIR spectra of CNC in function of reaction time during the process of Cinnamoyl chloride grafting.
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Figure $3.1-3 XRD pattern of CNC in function of reaction time during the process of Cinnamoyl chloride grafting.
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Figure S3.1-4 a) TEM pictograph of CNC before modification. b) AFM image of CNC before modification. ¢ to d) in order,
AFM representing cin-CNC morphology after 1, 2, 5 and 10.5 h of reaction time during modification. Note that the 24h sample
could not be observed by AFM measurements.
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Figure S3.1-5 Demonstration of 3D printed structures processed by DIW of 15 wt% CNC inks (whitish colored) and 30 wt%
of cin-CNC inks (beige-brownish colored).
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Figure $3.1-6 DMA measurements of pure matrix in function of secondary UV illumination time.
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Figure S 3.1-7 Values obtained by tensile tests for Young modulus, tensile strength and strain at failure of composites with 15
wt% of CNC or cin-CNC. Values represent measurements of 4 samples.
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Figure $3.1-8 CNC and cin-CNC in water after 30 minutes of stirring. The chemical modification strongly decreased the cin-
CNC affinity to water, since the particle do not disperse and stay at the air water interface.

Figure S 3.1-9 a) Micrograph of the photomask employed to photopattern the longitudinal patterns on (b) 15 wt% CNC com-
posites and (c) 15 wt% cin-CNC composites. The width of the illuminated pattern was estimated from the micrographs.
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3.2.1 Abstract

Photoresponsive soft liquid crystalline elastomers (LCEs) transform light’s energy into dynamic shape
changes and are considered promising candidates for production of soft robotic or muscle-like devices.
3D printing allows access to elaborated geometries as well as control of the photoactuated movements;
however, this development is still in its infancy and only a limited choice of LCE is yet available. Herein,
we propose to introduce biocompatible and sustainable cellulose nanocrystals (CNC) into an LCE in
order to facilitate the printing process by direct ink writing (DIW) and to benefit from the anisotropic
mechanical properties resulting from the extrusion-induced alignment of such nanoparticles. After a first
printing step where the rheological influence of CNC allows the production of self-standing structures,
a doping process introduces the azobenzene photoswitches in the composite, conferring photomechani-
cal behaviors to the printed material. This approach results in soft composites, with an elastic modulus
around 20-30 MPa, that present fully reversible photosoftening of 35% and photomechanical actuation
occurring less than 3 s after illumination. The presence of CNC as reinforcement particles allows precise
tailoring of mechanical properties, rendering such phototriggered materials suitable candidates for the
production of actuators and 3D structures with particular and dynamic load cases.

Keywords: cellulose nanocrystals, photoresponsive elastomers, azobenzene, 3D printing, shape-changing

3.2.2 Introduction

Dynamic shape transformations, leading to motion, are widely observed in living creatures. From the
movements of Mimosa pudica leaves [1], the closure of Venus flytraps [2], to the skeletal muscle’s
active contractions [3] and beyond, all these astonishing examples are an important source of inspiration
in the development of smart shape changing materials triggered by external stimuli such as heat, light,
pH or humidity [4]-[7]. The efficient translation of a stimulus into motion, without the use of hydraulic
systems, hinges, or engines, is very appealing in the production of lightweight devices such as actuators
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[8], sensors [9],[10], and soft robots [11],[12]. Furthermore, such materials could open the venue to
applications where fine adaptability is required, like within the biomedical domain [13],[14]. Among
the large variety of existing shape changing materials, light triggered liquid crystalline elastomers
(LCEs) have been extensively investigated [15],[16]. LCEs have emerged as promising candidates for
the development of fast and reliable actuators since they generally present a rapid and reversible re-
sponse. The main mechanism of photoresponsive actuation in LCEs lies in the trans-cis photoisomeri-
zation of azobenzene derivatives. When an LCE, presenting an aligned nematic LC phase with incorpo-
rated azobenzenes is illuminated with the appropriate wavelength, the azobenzenes change from trans
to cis conformation and reduce their size. This consequently decreases the order of the aligned LC meso-
gens, triggers the LC phase transition from nematic to isotropic, and hence, leads to a strong contraction
(up to 30%) [17] along the LC director direction. Control over the LC arrangement determines the di-
rection and type of movement exhibited by the LCE and complex 3D deformations such as bending,
twisting, and curling can be obtained [18],[19]. Since light is a noncontact stimulus, it allows remote
actuation with precise spatial and temporal control. Structuring the light, as well as tuning its properties
(wavelength, intensity, polarization), allows control over the LCE movements and leads to different
actuating responses within the same material [17]. The recent advances in the production of photomobile
LCE allows the occurrence of nonreciprocal and reprogrammable movements [20] by combining differ-
ent azobenzenes within the polymer network. Although such interesting and complex movements can
be obtained with simple geometries such as tubules and films, the inherent need for aligning the LC
mesogens in the polymer network with strain induced alignment [21] or LC alignment cells [22] strongly
limits the achievable shapes to 2D configurations.

With the advent of additive manufacturing, and in particular, the development of 3D printing technolo-
gies, important progress has been made in the manufacturing of all kinds of shape changing materials
with complex 3D shapes [6],[23],[24]. Indeed, 3D printing is a versatile platform that produces 3D
structures in a bottom up approach. Thus, it presents a great geometrical freedom and spatial control
over the material’s composition, making these technologies suitable for the production of functional
materials [25]. In particular, direct ink writing (DIW) has been demonstrated as the printing technique
of choice for the production of thermally actuated LCEs 3D elements [26]—-[29]. Here, uncured main
chain LCE inks at temperatures higher than the nematic to isotropic transition can be deposited as fila-
ments by extrusion through a nozzle and subsequent immediate photocuring to fix the polymer network.
The shear and extensional stresses experienced by the ink during the extrusion are responsible for the
alignment of the LC mesogens along the printing direction. These stresses impart precise control over
the LC director and determine the actuated movements [28]. Hence, by controlling the printing design
and parameters like nozzle diameter, printing speed, and temperature, LCEs have been manufactured in
thermally activated structures able to display predetermined deformations like a 2D disc evolving to a
3D cone [26]. Instead, the additive manufacturing of photomechanical LCE containing azobenzene de-
rivatives is a recent development. Based on the same approach as for thermally activated LCE, the in-
troduction of pendant azobenzene groups in a polysiloxane backbone [30] or as main chain in LCE [31]
prior to printing, enables the creation of 3D printed LCE actuators presenting bending in the printing
direction and muscle-like contractions [31] as a response to illumination. Nevertheless, this emerging
technology is still in its infancy, and the choice of available materials is still very limited, leaving space
for the development of new materials for tailored applications.

Up to now, the 3D printing of photomechanical LCEs has been mainly focused on processing “pure”
LCEs, that is, materials without reinforcement phases. The use of reinforcements would allow further
tuning of the mechanical properties of such materials, opening the venue for photoresponsive 3D struc-
tures. The DIW not only allows control over the LC director and hence predetermines the photoactuated
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movements, but it also allows the production of synthetic materials with controlled microstructures that
begin to mimic the complexity of biological materials and their outstanding mechanical properties [25].
In particular, DIW of polyurethanes with natural building blocks, such as cellulose nanocrystals (CNC),
demonstrated the production of cellular structures with spatially tailored mechanical properties [32],
which presented up to a 10-fold increase in stiffness (along the printing direction) compared to the bare
matrix. The tailored mechanical properties are obtained due to CNC’s anisotropic shape: CNC experi-
encing shear and extensional flows during printing are aligned along the printing direction [32]—[34],
promoting spatial control over the stiffness anisotropy. While CNC are suitable biocompatible and bio-
degradable reinforcements, they are also colloids that modify the rheological behavior of dispersions
creating shear-thinning gels, processable by DIW printing [32],[35],[36]. However, addition of such
natural building blocks in a 3D printed photomechanical LCE has been reported only for small amounts
(<4 wt %), exploiting mainly the particles’ ability of improving LC mesogens ordering during extrusion
[37]. The development of lightweight devices combining tailored mechanical properties with photome-
chanical actuation presents a certain potential for the future of soft robotics and for biomedical applica-
tions, where both properties and stimulus responses shall be highly customized in order to sustain spe-
cific load cases.

|
E=

= refCNC
= IﬁethaCNc == LC mesogen and crosslinkers ‘g~ Siloxane Oligomer =%/ Azobenzenes

Figure 3.2-1 Schematic illustration of the approach utilized in preparation of cellulose-based inks and composites. LC meso-
gens, cross-linkers, and CNC are added in the poly(mercaptopropyl)methylsiloxane (PMMS) matrix for the preparation of the
printable ink (a). When the inks are prepared, they are printed by DIW. Here the LC mesogens and the CNC align along the
printing direction (b). After curing the materials, unmodified CNC (refCNC) remain dispersed into the polymer without being
linked to the matrix, while methacrylated CNC (methaCNC) can form bonds with the matrix (c). The 3D printed structures are
immersed in an acetone/DR1 bath in order to allow the inclusion of the azobenzene (d). The printed structures consist of a side
chain LCE that is illuminated, the presence of azobenzene triggers the LC nematic to isotropic phase transition and increases
the LC disorder, resulting in a macroscopic bending (e).

In order to tackle these challenges and to increase the available palette of 3D printable photoresponsive
composites, we propose a novel approach allowing 3D printing of photoactuated CNC based LCE nano-
composites, which undergo reversible bending as well as dynamic softening when irradiated with
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blue/green light. By introducing CNC in an LCE polymer matrix, we intend to harness the well-known
rheological influences of such natural building blocks to allow printing of self-standing structures, pro-
moting LC alignment while reducing the total amounts of LC mesogens. Furthermore, in order to eval-
uate the influence of particles’ surface chemistry on the printed LCE’s processability and properties, we
study two types of CNC, one unmodified (named refCNC) and one functionalized with methacrylate
groups (named methaCNC) that allow covalent bonding between the matrix and the particles. Hence,
the printable inks consist respectively of one type of CNC dispersed in a mixture of unreacted polysilox-
ane backbone with mercaptopropyl groups as the main oligomer and acrylated LC mesogens and cross-
linkers, forming the side chain LCE matrix. After a simple one-pot mixture of all the components, the
inks can be printed at room temperature into 3D structures (Figure 3.2-1). We evaluated how the effect
of CNC on the dispersion’s rheology promotes the printing of self-supporting structures that are succes-
sively photocured. We also investigated whether the high pressures applied during printing allow for the
alignment of both LC mesogens (required for the photoactuated movements) and CNC, tuning the me-
chanical properties of the final composite. In our method, the photoswitching azobenzene molecules are
dispersed into the cured LCE network in a further doping step by immersing the printed structure in an
azobenzene/acetone solution. The doped 3D structures can then be irradiated with 480 nm light causing
the trans-cis azobenzenes’ photoisomerization that leads to a decrease in the LC and CNC order and
triggers the photoactuated movement. Finally, this approach results in the production of composite de-
vices with 3D complex geometries that can dynamically respond to light, either with movements or with
changes in their mechanical properties. Such functionalized materials could find application as photo-
mobile modules and actuators or 3D adaptive structures for mechanical dampers or vibration absorbers
where an instantaneous light activated softening is beneficial.

3.2.3 Results and Discussion

3.2.3.1 3D Printing of Composite LCE.

The first step in the production of 3D printed photomechanical structures consists of the production of
a printable ink that can be processed by DIW. In particular, such inks shall satisfy three main rheological
conditions known as printability requirements [25],[32],[34],[35], namely a strong shear thinning, stor-
age (G'), and loss (G" ) moduli higher than few kPa and the apparent yield stress ty, defined as shear
stress when G’ = G” is higher than 100 Pa. Anisotropic CNC have already been widely used as mechan-
ical reinforcements and demonstrated their ability to act as reinforcing agents as well as rheology mod-
ifiers in 3D printed biocompatible structures [6],[32],[35]. In the present work, unmodified CNC, re-
ferred as refCNC, and CNC presenting methacrylate groups on their surfaces [32], referred to as
methaCNC, were employed in order to establish the differences in the photomechanical behavior be-
tween composites with unlinked particles or particles covalently bonded to the polymer matrix. The two
types of particles were then separately incorporated into a mixture comprising a thiolene polysiloxane
oligomer (poly(mercaptopropyl)- methylsiloxane homopolymer), acrylated LC mesogens (4- Methox-
ybenzoic acid 4-(6-acryloyloxyhexyloxy)phenyl), and cross-linkers (1,4-Bis-[4-(3-acryloyloxypropy-
loxy)benzoyloxy]- 2-methylbenzene), and a photoinitiator (Irgacure 819) (Supporting Information (SI)
Figure S 3.2-1), leading to the formation of a side chain LCE matrix after polymerization.
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Figure 3.2-2 Rheology of the inks allows printing of 3D parts with crystals (CNC and LC mesogens) oriented along the printing
direction. (a) Oscillatory rheology (1 Hz) of the 15 wt % inks and the bare matrix. (b) 3D printed structures afier photocuring
(scale bar 10 mmy). (c) and (d) 10x cross polarizer micrographs of methaCNC based printed filaments with printing direction
at 0° and 45° with respect to light polarization, respectively. (e) Graph representing the gray value estimated from (c) and (d)
along the white dotted lines. (f) Graph representing the gray value estimated from (g) and (h) along the white dotted lines. (g)
and (h) 10% cross polarizer micrographs of printed films with printing direction at 0° and 45° with respect to light polarization,
respectively. The scale bars of all micrographs represent 200 um.

The addition of 15 wt % of both types of CNC into the liquid crystalline matrix (Figure 3.2-2) success-
fully allows the production of 3D structures by DIW, presenting a determined alignment of crystals
along the printing directions. Importantly, with the employed DIW setup, 15 wt % of CNC was the only
concentration allowing printing. Lower concentrations of CNC could not be printed in the Z direction
while higher concentrations reached prohibitive pressures. Since the effect of concentration on suspen-
sion rheology is well established and reported elsewhere [32],[34], we focused on this single concentra-
tion (15 wt %) to investigate the influence of CNC surface chemistry on the suspension properties.
Oscillatory rheological experiments (Figure 3.2-2a) confirm the role of refCNC and methaCNC on
transforming the bare liquid crystalline matrix into printable inks. The bare resin presents a liquid-like
Newtonian behavior across the full range of tested shear stresses, with G” around 70 Pa and G’ around
7 Pa. In contrast, both inks containing 15 wt % of CNC reinforcements present a solid-like behavior (at
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low shear stresses) followed by a strong shear thinning (at high shear stresses). Due to the CNC’s ani-
sotropic shape, refCNC, and methaCNC form a percolating network at rest [32]—[34]. This imparts the
elastic response to the inks, increasing G’ of several orders of magnitude, going from 7 Pa for the pure
matrix to few hundreds kPa for the composites. When the shear stress reaches the inks’ yield stress, the
percolating network of cellulose nanocrystals start to disrupt. The particles align due to shear and ex-
tensional forces [33], providing the strong observed shear thinning behavior of the inks, with power law
exponents of 0.2 and 0.1 for refCNC and methaCNC, respectively. Despite the similar changes that both
types of CNC provide to the rheology of the matrix, refCNC present the strongest influence on storage
modulus and yield stress. While methaCNC samples show a G’ around 150 kPa at low shear stresses
(<100 Pa), refCNC inks possess a storage modulus around 425 kPa at similar shear stress. Moreover, Ty
is highly influenced by the CNC surface chemistry. In particular, methaCNC inks have a lower ty (350
Pa) compared to the one of refCNC (6000 Pa). The increased compatibility of methaCNC with the acry-
late LC matrix and the reduction of available OH groups on their surfaces, due to the methacrylation
reaction, explain this difference [32],[34]. It is important to note that the lower storage modulus and
apparent yield stress presented by methaCNC inks resulted in easier printing with lower pressure values
(2.5-3 bar) when compared to the materials prepared with refCNC inks (3.5- 4.5 bar). Furthermore,
refCNC inks show frequent clogging of the nozzle during printing, probably due to the greater presence
of hydroxyl groups, promoting CNC aggregation via nanocellulose particles hydrogen bonding. Com-
paring the cross sections of cured filaments for the two types of CNC by SEM (SI Figure S 3.2-2)
revealed a larger number of agglomerates for refCNC composites. Such agglomerates are attributed as
cellulose clusters and might arise more in refCNC due to the abundant presence of hydroxyl groups on
the particle surface [32]. With the observed rheological properties, both inks could be successfully
printed in custom 3D structures, and the parts’ shape was successively fixed by 10 min of photocuring
at 405 nm wavelength, followed by 30 min post cure with a high pressure mercury lamp (main emission
peak at 365 nm). An example of cured printed parts is illustrated in Figure 3.2-2b for the methaCNC
formulation.

In order to qualitatively access the alignment of CNC and LC mesogens along the printing direction,
cured filaments and single layer films were printed by DIW and observed with an optical microscope
equipped with cross-polarized filters, while the sample was rotated from 0° to 45° with respect to the
polarizer direction, as shown in Figure 3.2-2c-h. Polarized optical microscopy has been widely used to
study the structure of liquid crystalline phases, since they present birefringence [41]—[43]. In a liquid
crystalline material nematically aligned parallel to the polarizer (0°), the incoming light (polarized par-
allel to the LC director) is transmitted undisturbed, successively canceled by the analyzer, leading to a
dark image. Differently, when the nematic phase is observed at 45° with the polarizer, a maximum
scattering of light is achieved, maximizing light transmittance through the analyzer, thus producing a
brighter image. Hence, according to Figure 3.2-2c,d our printed filaments indicate a nematic alignment
of crystalline components along the printing direction. Moreover, in printed films, illustrated in Figure
3.2-2g,h, in addition to a change in light intensity, a strong color change, is observed when turning the
sample. Despite quantitatively observing the general alignment with the micrographs and further con-
firming by integrating the pixel’s gray values transversally to the printing direction (Figure 2e,f), it was
not possible to distinguish the LC mesogens alignment from the well-established alignment of the cel-
lulose particles [32],[33],[44],[45]. Nevertheless, samples that were cured at 60 °C, above the nematic
to isotropic phase transition temperature (Tni) of the uncured resin, presented only a slight change in
light intensity when analyzed at a 45° angle with respect to the polarizer. This change is assumed to
come from the alignment of CNC, indicating that the isotropic LC mesogens did not present an overall
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alignment (SI Figure S 3.2-3). Importantly, the samples cured with the isotropic LC mesogens did not
show any photomechanical responses after the introduction of the photoswitching molecule.

3.2.3.2 Introduction of Photoswitches in the Printed Materials.

Disperse Red 1 (DR1) (SI Figure S 3.2-4) was chosen as the photoswitching molecule due to its very
fast isomerization and short cis lifetime leading to fast actuation (seconds) under illumination and re-
verse actuation in dark conditions [46]—[48]. The dispersion of such a component into the printed com-
posites was achieved after printing with acetone/ DRI solutions. A similar process was reported by
Camacho- Lopez et al., [49] who dispersed Disperse Orange 1 in a polysiloxane side chain LCE. This
resulted in a photoactuated material with very fast response to light stimulation in the order of millisec-
onds. We adopted this approach in order to facilitate the printing process. Although initial attempts, with
DRI directly incorporated in the ink before printing, were successful, the printed structures were limited
to a single layer. The curing depth of such samples did not allow thicker structures to cure homogene-
ously during the photopolymerization. Differently, in the second approach, doping of 3D structures with
DR1 was successfully achieved by swelling and impregnating the already 3D printed parts in an ace-
tone/DR1 solution for 24 h at room temperature. Two concentrations of DR1 in acetone were utilized,
0.5 mg mL" and 5 mg mL"". For simplicity, the samples issued from this doping bath are named Azo05
and Azo$5, respectively, while samples without DR1 are referred as NoAzo. Following the doping bath,
samples were dried at room temperature under vacuum overnight.

The azobenzene dye has been successfully dispersed in the composites (Figure 3.2-3). A strong red color
indicates the presence of DR1 in the composites due to the strong absorbance of the azobenzene in the
blue/green region of the visible spectrum (Figure 3.2-3a,b). A UV-vis spectrophotometer equipped with
integrating sphere was used to confirm the dispersion of DR1 in the printed composites. Figure 3.2-3a
shows the absorption of the single layer samples normalized by their thickness. Both refCNC and meth-
aCNC composites only present an absorption peak from 350 to 450 nm, which was attributed to unre-
acted photoinitiator. Differently, Azo05 samples show a second peak in the visible range, with absorp-
tion maxima at 524 and 508 nm for refCNC and methaCNC respectively, while Azo5 samples presented
the same peaks with a very strong absorption that could not be measured by the instrument. Previous
observations of DR1 in acetone (SI Figure S 3.2-4) show a UV-vis spectrum with a main peak at 488
nm and a second minor peak at 285 nm. Interestingly, when DR 1 is dispersed into our composites, it
undergoes a red shift, which is also observed between methaCNC composites and refCNC samples. This
solvatochromism was previously observed for DR1 [46] and is explained by the strong dipole moment
of the molecule in the ground state, which presents an electron acceptor group and an electron donor
group substituted on the two aromatic rings. When the photoisomerization occurs, DR1 conserves its
dipole moment, in the same direction, becoming more polar. The hydroxyl groups of the cellulose na-
noparticles may stabilize the excited state of DR1 by hydrogen bonding leading to the positive red shift,
and it explains why such shift is more important in the refCNC than in the methaCNC samples. Never-
theless, the concentration of DR1 in the Azo05 composites could be calculated from the UV-vis spectra
and amounts to around 0.15 and 0.10 wt % for refCNC and methaCNC respectively.

In Figure 3.2-3¢c, the DSC analysis shows that introduction of the azobenzene molecules into the polymer
network does not influence the samples’ phase transitions. For both refCNC and methaCNC NoAzo
composites, DSC curves show a glass transition temperature (Tg) between 4° and 6 °C and a change of
the heat flow slope occurring between 60° and 65 °C, which was attributed to the nematic to isotropic
phase transition of the side chain LC mesogens and is in agreement with DSC measurements carried out
on the bare 4-methoxybenzoic acid 4-(6-acryloyloxyhexyloxy)phenyl and on uncured inks (SI Figure S
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3.2-5). Accordingly, Azo05 and Azo5 composites of both CNC surface chemistries possess the same
features indicating that both, the presence and the concentration of DR1, do not alter the phase transition
temperatures of the materials.

a) b)
NoAzo RefCNC Meltha CNC
— - Azo05
MethaCNC .. = \ ;
| [Noazo| 22

: S |
h

. k] e
e
RefCNC _ . i}
I ~ -~ ~ N "..'._ Azo05
-]
' Az05
T I T I T I T I T I T [ T

350 400 450 500 550 600 650 700
Wavelenath (nm)

Normalized Absorbance (a.u)

[
K
N
//
/.
T

2 9 /
— NoAzo —_ 2.4 4 7 —— NoAzo
243 — — Azo05 2.2 Light off - - —AZ005
2 I MethaCNC ... Azo5 = 2] MethaCNC —_ = ¥ - Az05
T e, =~ 1.8 Fae Lomninny
3 ] g 16- £ !
o o 1121— ¥ 1
3 g 1- ¥oo0 T a
T T 08 g E
! ' 0.6 L RefcNC %
jo N o v ] = L
2 - 04*_ 1.:1 %
e 2 0.2 b N
w w 04 _
1 -0.24 Light on Y
‘ T ‘ T | T | T ‘ T ‘ T | T T T I T // T ‘ T | T
-75 50 25 0 25 50 75 100 0 10 20 _, 310 320 330
Temperature {(°C) Time (s)

Figure 3.2-3 Influence of azobenzene dyes on optical properties and polymer network of the composites. (a) UV-vis spectros-
copy of printed films illustrated in (b). (c) Second heating cycle of differential scanning calorimetry measurements of printed
composites in dark conditions. (d) Exothermic reaction to light illumination of printed composites observed by time dependent
differential scanning calorimetry (DSC), the light has been switched on at 10 s and off at 310 s.

Despite the fact that DR1 molecules did not impart substantial changes to the materials so far, a first
photoresponse could be observed. Due to the strong light absorption of azobenzene derivatives, their
photoisomerization occurs along with a strong photothermal effect [11],[50]—[52]. To monitor the time
evolution of the photochemical reaction in the composites and confirming its effectiveness, photo-DSC
measurements were performed (Figure 3.2-3d). Here, the samples at 25 °C were placed in an open pan
and irradiated after 10 s with two LED sources (480 nm, 3W) placed at 45 mm from the sample. The
illumination was maintained for 5 min in order to reach the equilibrium of the photoreaction. The results
show that both NoAzo composites present a light photoabsorption generating an exothermic heat flow
of 0.39 W g'l. This is probably the consequence of the temperature increase in the chamber due to the
LED being switched on. However, samples containing DR1 show a strong exothermic behavior reaching
a maximum exothermic heat flow after 20 s of illumination and having a heat flow decay of 20 s after
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switching off the light sources. While the photothermal behavior is clearly observed, the photoisomeri-
zation reaction can be noticed by comparing the values of the heat flow after 20 s of illumination with
the heat flows values after 300 s. This drop was quantified to be systematic in all Azo samples around
0.10 W g'! indicating that, at the current light intensity, the same amount of DR1 reacts in all samples,
independent of the overall concentration of dye. Interestingly, for refCNC materials, Azo05 shows an
intermediate behavior, reaching a maximum of 1.21 W g!, while Azo5 reach a maximum of 1.93 W g
!, Differently, both Azo05 and Azo5 samples of methaCNC composites react to light with a strong ex-
othermicity of 2.03 and 1.91 W g'!, accordingly. The different behavior of refCNC Azo05 is attributed
to the haziness of the sample. As illustrated in Figure 3.2-3b, refCNC generate scattering of light, mak-
ing the film hazy and more blurry than the methaCNC counterparts. Consequently, when light penetrates
into the sample, it is scattered and less photons can reach the bottom layer, thus exciting a smaller vol-
ume of DR1 localized at the surface of the sample. Therefore, the generated heat is not optimally trans-
ferred to the aluminum pan of the instrument, reducing the magnitude of the heat flow. In the case of
Az005 methaCNC samples, the higher transparency may facilitate light penetration and help the excita-
tion of larger volumes, resulting in a more homogeneous heat generation and conduction to the measur-
ing sensor. This could also explain the similar values of heat generated by the Azo5 samples with higher
DRI concentration. Indeed, the stronger absorption of these samples would allow excitation of smaller
volumes compared to Azo05 samples and mainly localized to the surface.

3.2.3.3 Photoresponsive Behaviors and Properties of 3D Printed Composites.

After the successful DR1 dispersion in the printed parts, all the composites presenting birefringence
show photomechanical bending when irradiated with light at 480 nm and reverse to the original shape
as soon as the irradiation stops. Characterization of the movement of single printed filaments was carried
out and is shown in Figure 3.2-4. DIW printed filaments with a thickness of 200 pm were placed at a
distance of 2 mm from the light source with the tip of the sample at 5 mm from the axis of the LED. The
actuated deformation was then recorded for both forward actuation during illumination (Figure 3.2-4a,b)
and reverse actuation in the dark (Figure 3.2-4e,f). By tracking the movement of the filament’s tip, the
displacement normalized by the filament length from the axis of the LED and the strain rate of actuation
could be characterized. Movement during irradiation occurs in less than 3 s for all sample categories
(Figure 3.2-4c,d). A slight difference in the normalized displacement and the strain rate is present be-
tween the composites, in function of the particle’s surface chemistries. RefCNC composites show an
average normalized displacement of 0.20 and a maximum mean strain rate around 0.15 s, while meth-
aCNC filaments reach an average normalized displacement of 0.25 and a maximum mean strain rate of
0.25 s!. This slight improvement might arise from the better dispersion of methaCNC in the composite.
This allows for improving the penetration of light, which can activate a slightly bigger volume of mate-
rial. Differently, the concentrations of azobenzene in the composite filaments do not influence their
actuation, suggesting an optimum value has already been reached with Azo0S5. The strong light absorp-
tion of DR1 would limit the light penetration in the sample, reducing the activated volume and localizing
it to the surface, in the case of higher concentrations. This can also be observed from the big standard
deviation of the refCNC Azo5 in Figure 3.2-4g. The heat generated by the LED source was not consid-
ered to influence the movement of the filaments since samples without DR1 doping did not show any
deformation when illuminated. Interestingly, the photoactuated movements of all the printed samples
were not dependent on the light direction and include a bending in the opposite direction of the printing
substrate. This would not be the case if the filaments presented a uniaxial and homogeneous nematic
phase [53], since the strong absorption of azobenzene would create a gradient of contraction localized
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in the surface of the polymer resulting in a bending toward the light source. Differently, it has been
already widely reported for other similar phototriggered [22],[54]-[56] LCEs, that when the polymers
present a twisted or splayed nematic phase the actuated movement is independent from the light direc-
tion. In order to investigate the actual structure and orientation of mesogens and nanoparticles, SAXS
analyses were carried out on printed samples (SI Figure S 3.2-6). The orientation analysis for refCNC
and methaCNC composites was quantified as described by Bunk et al. [39]. In short, a cosine function
was fitted to the azimuthal intensity at the chosen qranges. The degree of orientation was calculated
based on the ratio of asymmetric/symmetric intensity extracted from the fast Fourier transforms. Despite
a general orientation along the printing direction, it was not possible to define the actual LC phase ori-
entation. The CNC signal could be isolated and nanoparticles in both refCNC and methaCNC samples
show a degree of orientation of around 0.40 and 0.27, respectively. Such a difference may be explained
by the surface chemistry of the particles. As mentioned above, the hydroxyl groups of refCNC render
their inks quite more viscous than methaCNC inks, requiring more pressure to be extruded, thus pro-
moting higher alignment [33]. Differently, the signal from LC mesogens could not be separated due to
the superposition with the CNC signal in the same g-range, which appeared to dominate the scattering
response of the material. Such relatively low degree of axial orientation (0.65 being previously achieved
by DIW for CNC) [32] combined with the photoactuated behavior mentioned above, suggest the pres-
ence of nematic LC phases more complex than uniaxially aligned. Previous researches on the printing
of LCEs [28],[57], as well as on CNC alignment during filament extrusion [32],[33], observed the pres-
ence of a gradient in the alignment degree of mesogens and particles, from well aligned external surfaces
to an isotropic center of the filament. This might lead to the creation of asymmetric LC nematic phases
promoting light-orientation independent movements of the printed filaments. Nevertheless, the role of
CNC alignment on LC orientation is indirectly observed by comparing the normalized displacement of
filaments from 15 wt % refCNC Azo05 composite with Azo05 filaments accounting 10 wt % refCNC
(SI Figure S 3.2-7). No difference in the actuation behavior can be observed. Since the quantity of LC
mesogen is lower in the 15 wt % refCNC while the composite stiffness slightly increases, an unchanged
actuation behavior suggests that the LC mesogen can orient better with higher particle content. Most
probably, this is due to the higher viscosity of the 15 wt % refCNC ink that leads to higher shear stress
during printing and hinders the reorganization movements of the LC mesogen after extrusion. Espe-
cially, due to the lower viscosity presented by the 10 wt % inks, they could not be printed in the Z
direction, limiting their application to production of single layer devices.

The analysis of the reverse deformation, depicted in Figure 3.2-4g, shows that all tested materials can
recover their original shape in less than 3 s, independent from the type of particle or the concentration
of DR1. However, a close look at the speed of reverse deformation (Figure 3.2-4h) points to a faster
response of methaCNC composites, reaching a maximum strain rate of 0.5 s™! for Azo05 methaCNC
filaments. This is most probably a consequence of the covalent bonds between CNC and the polymer
matrix. MethaCNC composites shall demonstrate a higher Young’s modulus than refCNC material,
which would translate in larger elastic energy stored into the material when deformed [58]. As soon as
illumination stops this elastic energy is released and leads to a faster response, reaching a maximum
strain rate of 0.5 s™!, with respect to the maximum strain rate of 0.15 s! observed for refCNC composites.
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Figure 3.2-4 Analysis of the printed filaments photoactuated movements. (a) and (b) represent the initial moment of illumina-
tion and the final moment of deformation under illumination, respectively, while (e) and (f) the counterparts for the recovery
deformation in dark, the dashed line indicates the original position of the filament (Scale bars present 2.5 mm). (c) and (g)
Measurements of the displacement of the filament tip normalized by the length y, as a function of time for the photoactuation
and for the recovery motion, respectively. (d) and (h) Measurements of the strain rate of the filament tip as a function of time
for the photoactuation and the recovery motion, respectively. For each experiment three samples were characterized.

To demonstrate the influence of refCNC and methaCNC on the mechanical properties of the 3D printed
composites, we performed tensile and DMA tests on the printed filaments with and without blue/green
light illumination. The higher Young’s modulus of methaCNC samples was confirmed with mechanical
tests in tensile mode (Figure 3.2-5). The presence of DR1 in the polymer composites’ networks leads to
dynamic photoresponsive changes in their mechanical behavior. In particular, a pronounced photosof-
tening is observed. The mechanical properties of printed single filaments, for both CNC surface chem-
istries, were evaluated by microtensile tests (Figure 3.2-5a,c) and time sweep DMA (Figure 3.2-5b,d) at
25 °C in dark and under illumination at a wavelength of 480 nm. Tensile tests were carried out with a
custom-made microtensile setup for the measurements of fibers already reported elsewhere [38], while
the illumination source was placed at 10 mm distance from the sample (SI Figure S 3.2-8). As illustrated
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in Figure 3.2-5a,c both types of reinforcement show a similar mechanical behavior in dark. Generally,
all samples have a soft elastic response to the deformation followed by a stiffness increase. This effect
is ascribed to strain induced alignment of LC mesogens in the composites [59]. However, with a Young’s
modulus of 2 MPa and a strength of 2 MPa, NoAzo refCNC are weaker than their methaCNC counter-
part, which reaches an elastic modulus of 9 MPa and a strength of 3 MPa.

In agreement with previously reported experiments [32], this observation further confirms the successful
methacrylation of methaCNC and their ability to covalently bond to the polymer matrix. In particular,
the methaCNC surface does not influence the curing behavior of the polymer matrix as both types of
composite display a similar relative degree of conversion around 50% (SI Figure S 3.2-9) when meas-
ured on single layer films (200 pum thick). This emphasizes that methaCNC composites are stiffer and
stronger than refCNC composites, due to a higher cross-link density and an enhanced stress transfer
from matrix to particles. The quantity of DR1 also influences the mechanical properties with the same
trend for both CNC types. A first increase in the concentration makes the Azo05 samples stiffer and
stronger than NoAzo samples, while increasing the elongation at break. This indicates that DR1 mole-
cules might act like a LC mesogen and align along the filament main axis when intruding the material.
In particular, Azo05 refCNC present an increase of 100% in both stiffness and strength, while Azo05
methaCNC have an increase of 100% in stiffness and 130% in strength. Although the more concentrated
Azo5 samples show only a slight weakening of strength and elongation at break for refCNC composites,
with respect to Azo05, methaCNC Azo5 show an important decrease in strength from 7 to 4 MPa, as
well as a further decrease in the elongation at break. Indeed, according to SI Figure S 3.2-6, the increase
in concentration of azobenzene in the methaCNC composites results in a slight decrease of the nanopar-
ticles’ orientation, which might be responsible for the observed weakening in Azo5 samples.

When the light shines on the samples, a strong photosoftening can be observed. Although NoAzo sam-
ples of both CNC typologies are slightly affected by the operating light source, probably due to the
difficult heat dissipation of the testing setup, Azo05 and Azo5 samples are heavily influenced by the
illumination. Azo05 and Azo5 refCNC composites reach both a Young’s modulus of 2 MPa and both
show a reduction of their strength, reaching 1.5 and 1 MPa, respectively. Moreover, illumination imparts
a strong reduction of the toughness of the refCNC samples, observed from the decreased elongation at
break, passing from around 0.57 in dark to 0.35 under irradiation. Differently, methaCNC did not show
such clear effect, further confirming the stronger interfacial interactions they have with the polymer
matrix. Nonetheless, Azo05 and Azo5 methaCNC materials, with elastic moduli going from 18 and 12
MPa in dark, soften under illumination reaching elastic moduli of 6 and 5 MPa, respectively. Similarly,
strengths decrease from 8 and 4 MPa to 4 and 2 MPa, respectively, for Azo05 and Azo5 methaCNC
composites (SI Figure S 3.2-10). Interestingly, Azo5 doping produces the same effect on both compo-
sites, resulting in illuminated materials of the same tensile properties than the illuminated NoAzo. The
higher photoresponse of methacrylated CNC materials may still be explained by the lower haziness of
methaCNC with respect to refCNC, which display more scattering that may reduce the size of the excited
volume.
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Figure 3.2-5 Mechanical properties of printed filaments. (a) and (c) are the results of microtensile tests in dark and under
illumination of refCNC and methaCNC composites, respectively. (b) and (d) represent the effect of light illumination on the
storage modulus of the refCNC and methaCNC composites respectively, obtained by time sweep in DMA at 25 °C.

Observation of the photosoftening and its reversibility was carried out by adapting the same light source
(480 nm wavelength) at 10 mm from the sample in a DMA setup. Measurements were conducted in
tensile mode with 0.04% strain and 1 Hz frequency at a fixed temperature of 23 °C (Figure 3.2-5b,c).
The sample properties were measured in dark for 180 s and the light was switched on periodically for
180 s each 180 s. Two consecutive illumination cycles are illustrated here in order to highlight the re-
versible photosoftening. However, the tested materials could undergo more than five cycles without
showing fatigue. Contrary to the microtensile tests, NoAzo refCNC and methaCNC tested by DMA
measurements do not show any photoresponse in their storage modulus, due to a more efficient disper-
sion of the heat generated by the LED in the used setup. Instead, Azo05 and Azo5 of both refCNC and
methaCNC filaments show a similar stiffening trend when compared with the samples tested with the
microtensile setup. Azo05 doping treatment corroborates to improve the storage modulus (E’) of the
samples when compared to the ones prepared without Azo (NoAzo samples) from 11 to 20 MPa for
refCNC composites and from 12 to 35 MPa for methaCNC, while Azo5 samples reach 17 MPa for
refCNC and 28 MPa for methaCNC. In the present case, Azo05 and Azo5 refCNC samples show a
softening of 36% and 33% respectively. Similarly, Azo05 and Azo5 methaCNC present a slightly more
pronounced softening of 37-38% and 34%, respectively. This observed photosoftening effect has been
investigated for similar azobenzene based materials [11],[51],[52]. Such effect arises from a combina-
tion of photothermal and photochemical effects. By comparing the tan(5) of Azo05 and Azo5 materials
(for both CNC types) during a temperature sweep between -20° and 80 °C in dark with a sweep carried
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out during illumination (SI Figure S 3.2-11), an insight into the materials’ phase transitions occurring
during illumination could be obtained. There, all the irradiated materials show a ~25 °C drop of the Tg,
decreasing from 15 °C to -10 °C. When comparing the storage moduli of the same composite, it is
observed that the room temperature (23 °C) photosoftened elastic modulus reaches the same value as
the nonirradiated modulus when the environmental temperature is around 48 °C. This corresponds to a
~ 25 °C increase in the sample temperature. Observations of surface temperature with an IR camera
confirmed this increase in the samples’ temperatures (SI Figure S 3.2-12), indicating that the photother-
mal effect of DRI is mainly responsible for the softening of the materials. However, the overall increase
in temperature is not enough to trigger the nematic to isotropic transition of the LC mesogens, located
around 60 °C (in dark), and needed for the photoactivated deformation. Moreover, when light shines on
the samples, the Tni peak of DMA’s loss factors in SI Figure S 3.2-11 strongly decreases for all DR1
doped samples, suggesting that the illuminated materials are partially in the LC isotropic phase at tem-
peratures lower than Txi. Hence, the photoisomerization of DR1 may mainly be responsible for the
photoactuation by triggering the LC phase transition, while the generated heat promotes a photosoften-
ing of the polymer network. Therefore, this facilitates the shape transformation, decreasing the amount
of elastic energy required for the deformation.

The comparison between refCNC and methaCNC compositions revealed that functionalization of
CNC'’s surfaces with methacrylate groups and, therefore, possible covalent bonding of the cellulose
nanoparticles to the polymer network takes place. This influences mainly the compatibility and disper-
sion of CNC within the matrix, thus contributing to a smoother 3D printing process with less clogging
of the nozzle, and improves the final stiffness and strength of the composites. With respect to the pho-
toresponse of the tested materials, the stiffer behavior of the methaCNC composites, compared to the
refCNC ones, brings a slight improvement of the speed of reverse actuation in dark, as well as, a slightly
more pronounced photosoftening effect. Despite the fact that both concentrations of DR1 in all samples
lead to materials presenting a similar amplitude and speed of photoactuation, the Azo05 samples show
an improved stiffness in dark and an increased photosoftening compared to the Azo5 samples.

In order to underline the strength of our approach highlighting the advantage of using additive manu-
facturing in the production of photomechanical devices, a demonstrator consisting of a single module
was successfully 3D printed with the methaCNC Azo05 composition. The device and its operation are
illustrated in Figure 3.2-6. Such a module is meant as an active part that closes an electronic circuit when
illuminated and could be used, for instance, as a light sensor for circuits that need to operate only during
the day, as phototracking structures for photovoltaic panels used to maximize solar energy harvest. Im-
portantly, the device was printed in a single manufacturing platform and it was designed to directly fit
on its support. When compared to a classical manufacturing technology, for example, molded films, our
method reduces the number of manufacturing steps and the waste of residual materials, while ensuring
a reliable alignment of the LC and CNC. The operational mode of the module consists in a 3D structure
with a 200 pm thick actuating layer allowed to bend during illumination (Figure 3.2-6a). The active part,
coated with 20 nm of Pt to ensure electrical conductivity, is in its original state (Figure 3.2-6¢,d) as open
circuit when in dark. During illumination with a 480 nm LED, the bending of the active part produces
close contact with an electrode, hence closing the circuit (Figure 3.2-6¢). Another red LED is connected
to the circuit and switches on 22 s after the beginning of the actuation (Figure 3.2-6b), demonstrating
the closure of the circuit. The difference in time observed between this demonstrator (22 s) and the
previous filaments observation (<3 s) derives from the need of the actuator to generate enough pressure
to close the circuit between the electrodes.
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Figure 3.2-6 Demonstrator showing a 3D printed actuator utilized as activation circuit. In dark the circuit stays open, while
the electric circuit closes when illuminated. (a) Schematic illustration of the working principle of such printed device. (b)
Defined frames showing the demonstrator in action. When the actuator is illuminated it starts moving and after 22 s the red
LED switches on. At 30 s the light has been switched off and the actuator comes back to its original position and the circuit is
open again. (¢) A magnification of the Azo05 3D printed device. (d) and (e) Magnifications of the frames at 0 and 30 s, respec-
tively, to show the movement of the actuating layer. Scale bars correspond to 3 mm.

As soon as the 480 nm wavelength illumination stops, the actuated part recovers its original shape within
3 s. The operation of this photoresponsive module was successfully repeated more than 20 times (SI
Video S2). Another device, presenting the opposite actuation has also been created and is illustrated in
SI Figure S 3.2-13. Here, the Pt coating was applied at the bottom of the actuating part and the circuit
was opening during illumination, demonstrating application of the material as a safe circuit. Although
only on/off actuators were presented in this manuscript, the developed materials open the venue to ap-
plication as sensors. Indeed, due to the demonstrated photothermal effect, the amplitude and the speed
of actuation depend on the irradiation intensity [48],[54],[55]. Moreover, more complex devices and
movements can be engineered and fabricated by additive manufacturing approaches. Here, the 3D print-
ing control over the alignment of the LC mesogens and the CNC particles dictates the bending directions.
As previously demonstrated by studies on 3D printed LCE, combining different directions in a single
layer would produce more complex movements as twisting and curling [26],[28] allowing further ad-
vances in the production of photoresponsive soft materials.

3.2.4 Conclusion

We present an innovative approach for the manufacturing of 3D printed actuator devices composed of
photoresponsive soft LCE nanocomposites with a relatively high solid content of cellulose nanocrystals.
With the introduction of biocompatible and sustainable CNC in an uncured LCE ink, our DIW process
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permits direct printing of structures with tailored geometries and mechanical properties, while the suc-
cessive azobenzene doping leads to fully reversible photoactivated dynamic responses like rapid photo-
softening and photomechanical actuation on the order of seconds. The main strength of such a two-step
approach lies in combining the anisotropic mechanical tailoring of CNC with the fast and reliable pho-
toresponse of dye-doped LCE as presented by our on/off actuators, which could be directly applied on
their support holders. The high degree of control over the LC nematic director, offered by the extrusion
printing, can be exploited to increase the complexity of the photoactuated movements, as well as the
photosoftening by creating complex patterns and multiple layers assemblies. Moreover, optimization of
the material’s performance can be achieved chemically. Indeed, with the printed materials presented,
we evaluated the effect of surface chemistry of CNC on the photoresponses of the composites. When
comparing the presence of methacrylate groups on the cellulose surface with unmodified refCNC, it was
shown that covalent bonding between matrix and particles promotes a faster shape recovery after actu-
ation. Finally, 3D printing of cellulose-based nanocomposites combining photomechanical actuation
with tailored and dynamic stiffness presents important potential for the fabrication of a wide range of
devices, going from custom soft robots to vibration dampers or muscle-like prosthetics, where the cus-
tomization of geometries, properties, and dynamic responses are needed.

3.2.5 Experimental Section

Materials. RefCNC, resulting from sulfuric acid hydrolysis of eucalyptus pulp, were supplied by
University of Maine (Orono, ME). The matrix precursor poly(mercaptopropyl)methylsiloxane homo-
polymer (SMS 992) was purchased from Gelest. The liquid crystal mesogens and cross-linker, namely
4-methoxybenzoic acid 4-(6- acryloyloxyhexyloxy)phenyl and 1,4-bis-[4-(3-acryloyloxypropyloxy)-
benzoyloxy]-2-methylbenzene were supplied by SYNTHON Chemicals Gmbh. N-ethyl-N-(2-hydroxy-
ethyl)-4-(4-nitrophenylazo)aniline also called disperse red 1 (DR1, 95%), (hydroxyethyl)methacrylate
(HEMA, 98%), methacrylic anhydride (94%), and pyridine were acquired from Sigma-Aldrich, while
the dimethylformamide (DMF, > 99.5% synthesis) was purchased from Roth AG.

MethaCNC Functionalization. Methacrylation of the refCNC’s surface was obtained by grafting
of methacrylic anhydride according to the procedure described by Siqueira et al. [32]. Briefly, freeze-
dried refCNC were dispersed in DMF to obtain a 21 wt % gel. The gel was homogenized with two
SpeedMixer (Speedmixer DAC 600, Hauschild & Co. KG) cycles at 1000 rpm for 1 min, 1500 rpm for
1 min, and 2000 rpm for 4 min. After resting overnight at 5 °C and mixing before utilization, 141 g of
DMF were added to 15.7 g of tefCNC gel in DMF. The solution was mixed with a magnetic stirrer in a
glass reactor with condensation reflux up to homogenization (solution at 2 wt % of refCNC). The reagent
was heated at 105 °C in nitrogen atmosphere and 188.9 g of methacrylic anhydride and 4.8 g of pyridine
were added. The reaction continued for 5 h. Finally, the reactive mixture was quenched at 0 °C to stop
the reaction. The modified material was then washed four times with a mixture of toluene/acetone/eth-
anol (4:1:1) by centrifugation at 5000 rpm and 5 °C for 25 min. After purification, the produced meth-
aCNC were solvent exchanged in acetone with three centrifugation cycles at 5000 rpm for 5 min, in
order to allow further use of the reaction product.

Ink Production. Inks suitable for Direct Ink Writing, with refCNC or methaCNC were prepared at
15 wt % of nanoreinforcements. Once a CNC/DMF dispersion was solvent exchanged with acetone by
centrifugation (4 times, 5 min at 5000 rpm), both types of inks were produced in the following way: 4-
methoxybenzoic acid 4-(6- acryloyloxyhexyloxy)phenyl (3.000g) , 1,4- B is -[4- ( 3 - acryloyloxyprop-
yloxy)benzoyloxy]-2-methylbenzene (0.827g), (mercaptopropyl)methylsiloxane homopolymer (1.241
g), and irgacure 819 (0.103g) were weighted into a beaker. RefCNC or methaCNC were successfully
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added (0.912 g) from the acetone dispersions. The solution was stirred for 30 min and placed in an
ultrasonic bath (TUC-150, TELSONIC) for 10 min before evaporating all the solvent by stirring the
dispersion overnight at 40 °C. Finally, the obtained ink was homogenized with four speed mixer cycles:
1000 rpm for 1 min, 1500 rpm for 1 min, and 2000 rpm for 4 min.

3D Printing. A direct ink writing printer (3D-bioplotter “Manufacturer Series”, EnvisionTEC, Ger-
many) was used to print all the composite materials. Before printing, the inks were loaded into 30 mL
UV shielding cartridges and air bubbles were removed by centrifugation at 3000 rpm for 10 min. Once
the cartridge was loaded into the printer, the ink was pneumatically extruded with pressures ranging
between 2.5 and 4 bar, through UV shielded tapered nozzles presenting an inner diameter of 0.25 mm.
The filaments were extruded in air while films and structures were produced by depositing the filaments
on hydrophobized glass slides at a speed of 10 mm s™'. The extruded filaments and the produced struc-
tures were cured by UV illumination for 10 min. The illuminating setup was a self-made chamber com-
posed of five monochromatic LEDs (410 nm wavelength, 3W). Finally, all the samples were postcured
15 min per side with a high pressure mercury lamp (UVASPOT 400/T, Dr Honle) equipped with a UVC
filter (H2 filter, Dr. Honle) presenting maximum emission peak at 365 nm of wavelength.

Azobenzene Doping Process. In order to impart the photoresponsivity to the printed parts, the post-
cured materials were swollen in an acetone/DR1 solution for 24 h. Two solutions were used for the
creation of Azo05 and Azo5 samples, one with 0.5 mg mL"! of DR1 in acetone and another one with a
concentration of 5 mg mL™!, respectively. After the bath, the structures were extracted from the solutions,
rinsed with pure acetone and kept overnight under vacuum in a desiccator for evaporating the remaining
solvent.

Optical Microscopy. All images were recorded with an optical microscope (Zeiss, Axioplan)
equipped with cross polarizer filters perpendicular to each other. The samples were illuminated in trans-
mission mode and images were taken with a digital camera (Leica DVM 2500). Filaments and films
were placed on a glass slide and oriented at 0° with respect to the light polarization. Observation of the
birefringence effect was achieved by qualitatively comparing the samples at 0° with samples at 45°
where transmitted light intensity should be maximal. This was achieved by rotating the sample stage.
Quantification of the output light intensity was evaluated by integrating the pixel’s gray values over an
area of 2500 x 1900 pixels, having the long side oriented transversally to the filaments or films. Inte-
gration of gray value was carried out with ImagelJ software.

Scanning Electron Microscopy (SEM). SEM images were taken in order to observe morphology
of the printed filaments. Micrographs were acquired with an FEI Quanta 650 FEG ESEM with an ac-
celerating voltage of 5 kV, a spot size of 3 or 3.5 and a working distance of 10 mm. Top view samples
were directly glued on an aluminum sample holder with a double sided carbon tape. A 2 nm thick Pt
coating was successively applied in order to ensure electrical conductivity and avoid charge concentra-
tion during measurements. Cross sections were obtained by embedding the filaments in a resin. The
embedded samples were cured overnight at 60 °C. Once the resin cured, the sample was cut with a razor
blade to enable observation of the cross section. A final 2 nm thick Pt coating was then deposited on the
sample in order to avoid charge effects.

UV-vis Spectroscopy. The absorbance of DRI in acetone solution was recorded with a UV-vis
spectrophotometer (Cary 100E, Variant). The quartz cuvettes were filled with the acetone solutions with
DR1 concentrations ranging from 0.1 to 0.0001 mg mL"! and the spectra were recorded from 700 to 350
nm. Printed films where characterized with a UV-vis-NIR spectrophotometer (UV-3600, Shimadzu)
equipped with an integrating sphere. 15 x15 mm? samples were placed on a sample holder with an 8
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mm diameter hole at the entrance of the integrating sphere. Three measurements per sample condition
were taken.

Differential Scanning Calorimetry (DSC). Thermal properties of the printed materials were ana-
lyzed with a Q2000 DSC (TA Instruments) equipped with a mechanical cooler (RCS 90). Samples were
loaded in aluminum closed pans (TZero Aluminum Hermetic) and hermetically sealed. The weight of
each sample ranges between 8 and 11 mg. Each experiment was conducted in nitrogen atmosphere (50
mL min), with three heating and cooling cycles from -80 to 100 °C at 10 °C min™.

Photoresponsive Differential Scanning Calorimetry (photo-DSC). Photo-DSC measurements
were performed using a Q100 DSC from TA Instruments. The original setup was modified in order to
use two 480 nm Opulent Creed LEDs connected in series (0.7 A, 7 V) as light sources for the reference
pan and the sample pan. These light sources were adapted to the instrument and placed 45 mm away
from 4 mg samples. Each sample was placed in an open aluminum pan. An empty aluminum pan was
used as reference. After equilibration at 25 °C, an isotherm at 25 °C was held for 3 min in dark, then the
LEDs were turned on for 5 min and a final isotherm was held for 3 more minutes without light. Three
measurements were performed per sample condition, and the representative measurements are presented
in this manuscript.

Characterization of Photoactuated Movements. Characterization of the movement generated dur-
ing illumination was recorded with a Canon EOS 100 at 50 fps. A sample holder was 3D printed with a
Prusa Imk3 in PLA. The filaments (200 um thick) were placed vertically on the holder. The actuating
light, an Opulent Creed LED at 480 nm (3W) was placed 2 mm away from the sample perpendicularly
at a height of 5 mm from the tip of the filament. The samples were illuminated for 30 s and then allowed
to rest for 30 s in dark. After recording of the photoactuation, during illumination and after illumination,
the videos were analyzed with Image Analysis toolbox from Matlab software. A custom-made program
was written to track the movement of the filament’s tip as a function of time. Three samples per condi-
tion were tested and the results are presented with the average data and their standard deviation.

Rheology of Printing Inks. In order to establish the printability of the produced inks, their rheo-
logical behavior was characterized at room temperature with an MCR 301 Anton Paar rheometer with a
25 mm diameter plate-plate configuration presenting a gap of 0.5 mm. Storage and loss moduli were
measured through oscillatory experiments with strain variations from 0.01 to 1000% at a frequency of
1 Hz with a logarithmic sweep. The apparent yield stress was defined as the shear stress where storage
and loss moduli are equal (tan(d) = 1), that is, by convention of the gelation point. Three samples per
ink were measured, and the representative measurements are illustrated.

Dynamic Mechanical analysis (DMA). Several types of DMA measurements were conducted dur-
ing this work. With the use of a RSA 3 analyzer from TA Instruments in tensile mode, the behavior of
storage modulus in dark and under illumination at room temperature was observed. These tests were
conducted with an initial clamp distance of 20 mm. The measurements were carried out with a frequency
of 1 Hz, a strain of 0.04%, at 25 °C. In front of the clamp center, an Opulent Creed LED (480 nm, 3W)
was placed at a distance of 10 mm from the filaments. A typical procedure consisted of a time sweep
where 180 s were tested in dark and 180 s under light illumination, and the process was repeated twice
in a row to ensure reversibility of the light irradiation influence. Tested samples presented a diameter
ranging from 180 to 250 um. Diameters were evaluated with optical microscopy observations. For each
condition, three samples were tested, and the representative results are illustrated. Differently, the ther-
mal behavior of viscoelastic properties in dark and under illumination was obtained using a Q8§00 DMA
(TA Instruments) in tensile mode where an LED source (480 nm, 3W Opulent Creed) was inserted in
the furnace chamber facing the samples at a distance of 10 mm. Temperature was increased from -20 to

76



Chapter 3 - Publications

80 °C with steps every 5 °C. At every step, after 5 min of equilibration, the samples’ moduli were
measured twice in dark at 1 Hz and 0.04 % strain followed by 1 min equilibration and successive 2 min
of illumination. Again the moduli were measured twice at 1 Hz and 0.04% strain under illumination.

Microtensile Tests. Tensile tests on filaments were carried out in a custom-made microtensile test
setup already reported by Burgert et al. [38]. Briefly, a linear table driven by a step motor and a load
cell (5N in this case) are the main components of the apparatus. The step motor allowed to vary the
speed from 1 um s to 1000 pm s™!. The samples were glued with a cyanoacrylate glue from both sides
on a rectangular 200 um thick foil presenting three holes in the centers and one for each extremity. The
holders were placed onto the moving table and fixed with pinholes at the extremities. The central holes
were then cut in order to not measure the foil properties. The samples were stretched at a speed of 10
um s!. The displacement of the table was used to calculate the sample’s strain, which could be done due
to the low stiffness of the tested materials. Each sample consisted of a filament with diameter ranging
from 180 to 250 um. The initial length of the filaments ranged between 4 and 6 mm and was considered
to be the distance between each glue point. Both diameters and initial lengths were observed and rec-
orded with an optical microscope. For measurements under illumination, a support for an Opulent Creed
LED (480 nm, 3W) was 3D printed with a Prusa imk3 FDM in PLA and adapted to the set up in order
to have a 10 mm distance from the samples. For each test and sample condition five samples were tested,
and their representative measurements are illustrated.

Small Angle X-ray Scattering (SAXS). Measurements were carried out on a NANOSTAR system
(Bruker AXS GmbH, Karlsruhe, Germany). The instrument was equipped with a pinhole collimation
system allowing a beam size at sample position of about 400 um in diameter. X-ray generation was
sustained with a microfocused X-ray Cu source (wavelength Cu K a = 1.5406°A) and scattering patterns
were recorded on a 2D MikroGap technology-based detector (VANTEC- 500 2D with 2048 x 2048
pixels and a pixel size of 68 x 68 um) along with a custom-built semitransparent beamstop. In the SAXS
configuration, with a sample to detector distance set at 107 cm and further calibrated with silver behenate
powder sample, the resolved scattering vector modulus q covers a range between 0.06 and 2.1 nm™'. The
scattering patterns were recorded at room temperature under moderate vacuum condition (102 mbar) to
limit air scattering. Samples were taped horizontally and the sample holder mounted vertically in the
analytical chamber of the Nanostar. The intensity of the semitransparent beamstop for direct beam scans
was used for transmission normalization. Background subtraction was done systematically for all sam-
ples by subtracting the scattering intensity of the direct beam to the normalized sample. The orientation
analysis for refCNC and methaCNC samples was performed using fast fourier transformed analysis
established by Bunk et al. [39].

Fourier Transform Infrared (FTIR) Spectroscopy. Degree of curing of both CNC inks was esti-
mated with FTIR spectroscope equipped with a ZnSe attenuated total reflectance (ATR) cell. The in-
strument utilized was a Tensor 27 IR, Bruker. The measurements went from 600 to 4000 cm™' with 32
scans and a resolution of 4 cm™'. The quantity of unreacted CCIC before and after polymerization was
compared with three samples per each condition and type of particle. Cured samples consisted in single
layer printed films with a thickness of 200 pm. To compare the relative degree of conversion we nor-
malized the intensity of aliphatic CCIC bond (band at 1637 cm™) by the C[JO band’s intensity at 1720
cm’! as an internal standard and applied the following equation [40]:

DC =100 * (1 — Acurea(C = C)/Acyrea(C = 0) ) (1)

Auncurea(C = C)/Ayncurea(C = 0)
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3.2.6 Additional Information

Supporting Information

The Supporting Information is available free of charge at:
https://pubs.acs.org/doi/10.1021/acsami.2c02154.
Figures S1-S13 (PDF)

Video S1: Operation of this photoresponsive module-(MP4)
Video S2: Operation of this photoresponsive module-(MP4)
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3.2.8 Supporting Information

Photo-responsive movement in 3D printed cellulose nanocomposites
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Figure S 3.2-1 Schematic of the liquid crystalline matrix.
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a)

refCNC

methaCNC

Figure S 3.2-2, SEM Cross section of refCNC (a) and methaCNC (b) filaments embedded in an epoxy resin. Materials with
methaCNC show a smoother surface with a reduced presence of agglomerates.
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Figure S 3.2-3, 10X cross polarizer micrographs of methaCNC based printed filaments and cured at 60°C while the LC meso-
gens are in an isotropic state. Images show filaments with printing direction at 0° and 45° in respect to light polarization, for
a) and b) respectively. The change in intensity between the two images is slightly noticeable and mainly attributed to the
alignment of CNC. This sample did not show any photomechanical response after DRI doping. Scale bars represent 200 pum.
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Figure S 3.2-4 a) schematic representation of the Disperse Red 1 azobenzene molecular structure. b) UV-Vis observation of
the absorption spectra of 10 ug ml"' DRI dissolved in acetone.
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Figure S 3.2-5 DSC measurement of the LC mesogen (4-Methoxybenzoic acid 4-(6-acryloyloxyhexyloxy)phenyl). The nematic
to isotropic transition of the monomer occurs at 55°C a). DSC curves for uncured inks of 15 wt% refCNC and methaCNC b).
The LC phase transition here occurs around 30°C.
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Figure S 3.2-6 Orientation analysis carried out on printed composites from SAXS measurements. Azimuthal angle intensities
for cellulose nanoparticles in the printed filaments (a), signal integrated from q=0.5 to q=1.17 nm! and their degree of orien-
tation for measured samples in respect of CNC (b). (c) Azimuthal angles intensities for q between 1.17 to 2.32 nm™ for both

CNC and LC.
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Figure S 3.2-7 Analysis of the printed filaments photoactuated movements comparing 10 to 15 wt% refCNC Azo05. a) Meas-
urements of the displacement of the filament tip normalized by the length y, in function of time for the photo-actuation. b)
Measurements of the strain rate of the filament tip in function of time for the photo-actuation. For each experiment three

samples were characterized.

Figure S 3.2-8 a) photograph of the microtensile test setup employed in this study. The sample is placed and glued onto a
substrate in order to be tested. b) modified setup with the 480nm LED placed above the sample at a 5 mm distance. c) and d)
respectively refCNC and methaCNC NoAzo samples placed and glued onto the substrate.
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Figure S 3.2-9 ATR-FTIR Spectra of refCNC and methaCNC composites. Full spectra of cured composites (a) and comparison
of before and after curing in the region of interest for refCNC (b) and methaCNC (c) composites. The resulting relative degrees
of conversion were 51.5 + 6.3 % for refCNC and 51.3 + 4.1 % for methaCNC composites.
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Figure S 3.2-10 Young moduli of refCNC and MethaCNC 15 wt% composites extracted from the microtensile experiements.
(a) Elastic moduli in dark. (b) Elastic moduli under illumination.
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Figure S 3.2-11 DMA experiments comparing storage modulus and tan(9) in dark and under illumination of developed com-
posites. a) and b) are the storage modulus and tan() for composites with refCNC particles, respectively. c) and d) are the
storage modulus and tan(d) for composites with methaCNC particles, respectively.
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Figure S 3.2-12 Thermal images of refCNC and MethaCNC composites at 10 mm from the LED light source and at 5 mm from
the LED during illumination. The photogenerated heat is dependent on the light intensity. Reference samples for both CNC
types showed a surface temperature of 25° and 32°C for 10 and 5 mm of distance respectively.
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Figure S 3.2-13 A 3D printed actuator utilized as safety circuit. When in dark the circuit stays closed, while when illuminated
the electric circuit opens. a) 3D printed actuator before DRI doping bath. b) Image of the incorporation of such module in the
circuit after applying a 20 nm Pt layer at the bottom of the module. c-h) Defined frames showing the demonstrator in action.
When the actuator is illuminated it starts moving and after 8.5 s the red LED switches off. At 17.5 s the light has been switched
off and the actuator comes back to its original position and the circuit is closed again at 18.5 s. i) a magnification of the Az005
3D printed device in its original position at time 0 s. j) and k) magnifications of the frames at 16.5s and 18.5 s respectively to

show the movement
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3.3.1 Abstract

Conventional manufacturing techniques allow the production of photoresponsive cellulose nanocrystals
(CNC)-based composites that can reversibly modify their optical, mechanical, or chemical properties
upon light irradiation. However, such materials are often limited to 2D films or simple shapes and do
not benefit from spatial tailoring of mechanical properties resulting from CNC alignment. Herein, we
propose the direct ink writing (DIW) of 3D complex structures that combine CNC reinforcement effects
with photoinduced responses. After grafting azobenzene photochromes onto the CNC surfaces, up to 15
wt % of modified nanoparticles can be introduced into a polyurethane acrylate matrix. The influence of
CNC on rheological properties allows DIW of self-standing 3D structures presenting local shear-in-
duced alignment of the active reinforcements. The printed composites, with longitudinal elastic modulus
of 30 MPa, react to visible-light irradiation with 30-50% reversible softening and present a shape
memory behavior. The phototunable energy absorption of 3D complex structures is demonstrated by
harnessing both geometrical and photoresponsive effects, enabling dynamic mechanical responses to
environmental stimuli. Functionalized CNC in 3D printable inks have the potential to allow the rapid
prototyping of several devices with tailored mechanical properties, suitable for applications requiring
dynamic responses to environmental changes.

Keywords: cellulose nanocrystals, 3D printing, photoresponsive, azobenzene, mechanical adaptation

3.3.2 Introduction

Advancing sustainability in a technological world requires the development of lightweight devices that
can reach peak mechanical performances while being composed of renewable and sustainable materials.
As aresult, in the last years, strong attention has been paid to biomimicry and bioinspiration since living
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organisms can rely on biological materials exhibiting highly optimized performances [1]. Despite evolv-
ing with a limited palette of ingredients, such materials can often reach outstanding mechanical proper-
ties and demonstrate functional responses to external stimuli under demanding environmental condi-
tions. A material like wood possesses highly anisotropic specific strength and stiffness [2], and the
differential growth during wood formation by the tree can induce movements by the formation of reac-
tion wood tissues [3],[4]. Trees and other plants can hence fulfill their biological functions and self-
optimize their mechanical properties, preventing failure and securing survival. Such outstanding prop-
erties are achieved due to the intrinsic hierarchical structure of wood, which spans from the nanoscale
of the cell wall to the macroscopic features of the bulk wood [5]. Many engineering design strategies of
composite materials are inspired by features of biological materials and structures. These comprise lo-
calized orientation of natural building blocks commonly embedded in biopolymer matrices, localized
density gradients of reinforcements, and matrices’ compositional changes and gradients [6]. Although
the influence of various parameters is well-known, the synthetic manufacture of materials with deter-
mined functional microstructures remains challenging and is still far from the astonishing intricacy and
complexity of biological materials.

The development of additive manufacturing, and especially 3D-printing technologies, made it possible
to harness the design strategies, mentioned above, for the production of customized high-performance
devices. With a bottom-up layer-by-layer approach, 3D-printing technologies are versatile platforms
providing high geometrical freedom, allowing the production of materials and devices exhibiting com-
plex structures and controlled microstructures [1]. In this context, direct ink writing (DIW) has arisen
as a reliable technique for the production of nanocellulose-based composites that possess spatially tai-
lored mechanical properties [7-9]. Especially, building blocks such as cellulose nanocrystals (CNC)
present great potential as biocompatible, renewable, and functional reinforcing agents in 3D-printed
parts [10]. Acting as rheology modifiers, CNC allow suspensions to be processed by DIW, while their
anisotropic rod-like shape confers a directional reinforcing effect. DIW is a filamentary technique, and
it applies shear and extensional stresses to the suspension during extrusion, conferring a preferential
particles’ orientation along the printing direction. This leads to a high degree of CNC alignment [8] and
provides high spatial control over the mechanical properties of the printed parts [11]. The development
of such mechanically tailored CNC composites allows the creation of lightweight and highly optimized
devices for applications subject to particular load conditions. Moreover, a combination of the spatially
controlled mechanical properties with a dynamic change of physical and/or chemical properties as re-
sponse to an external stimulus would further improve potential functionalization for a wide range of
applications spanning from biomedical fields [12] to food packaging [13]. Nonetheless, the development
of CNC-based composites fabricated by DIW is still in its infancy, and the triggering stimuli are mainly
limited to humidity. It has been shown that CNC ink formulations can benefit from the alignment during
printing and the hygroscopic nature of the nanoparticles, which leads to predetermined bending and
curling, imitating cell wall dynamics in wood during hydration and dehydration cycles [14]. However,
this approach has so far only been applied to soft hydrogels with Young’s moduli of a few kPa.

Besides the renewable, biocompatible nature and the reinforcing behavior of CNC, such nanoparticles
are also of great interest due to their surface chemistry, which allows for facile functionalization. The
large available quantity of hydroxyl groups is suitable for covalently bonding specific chemical switches
that confer adaptive properties in response to defined external stimuli such as heat, pH, solvent, and
light [15], making these particles attractive as active functional reinforcements in 3D-printed compo-
sites. Among the different external stimuli, light is particularly attractive due to its contactless nature,
which allows remote actuation with minimal impact on the material and its surroundings. In addition,
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the actuating signal can be modulated both spatially and temporarily in order to obtain multiple re-
sponses [16]; hence, photoresponsive CNC-based nanocomposites have already been produced for sev-
eral functionalities. By grafting coumarin [17] or benzophenone [18] moieties on the particle’s surface,
CNC composites can react to determined wavelengths and create covalent particle-matrix bonds result-
ing in localized photostiffening. This function was also successfully transferred to 3D-printed nanocom-
posites by introducing cinnamate moieties on the CNC surface and in the polymer network [19]. Other
functionalization approaches, like the modification of CNC with azobenzene [20] photochromes, have
resulted in composites films with reversible color changes when irradiated, facilitating optical storage
applications. Azobenzene functionalization of other polymers has also been investigated to develop ma-
terials with different photoresponses. The use of the azobenzene trans—cis photoisomerization as switch-
ing event allowed multiple smart behaviors, such as phototriggered movements [21], changes in wetta-
bility [22], and gel—sol transitions [23]. These examples render CNC functionalization with azobenzene
attractive for the production of 3D-printed reversible multiresponsive materials.

Hence, we propose here a way to manufacture 3D complex structures presenting both fast and reversible
photoresponsive behaviors and tailored mechanical properties (Figure 3.3-1). By grafting the pseudo-
stilbene Disperse Red 1 (DR1) [24] onto the surface of CNC, multipurpose active reinforcement parti-
cles that react to light with a wavelength of 475 nm can be produced. After modification, these active
elements maintain their slender shape, and hence the ability to impart to Newtonian resins the rheolog-
ical properties required for a successful DIW’s filamentary extrusion and particle alignment. Polymer
inks can then be printed in 3D complex shapes with optimized mechanical properties while demonstrat-
ing macroscopic photoresponsive behaviors, arising from the trans—cis—trans photoisomerization of
DRI1. As a proof of concept, we dispersed these functional CNC into a polyurethane acrylate matrix and
printed a composite material that can undergo reversible softening and exhibits a shape memory effect
when irradiated with the appropriate wavelength. With DIW, this material can be shaped into complex
3D structures that couple mechanical behaviors, arising from their geometry, with dynamic and reversi-
ble phototriggered mechanical responses. Such combination results in devices with mechanical proper-
ties tunable on demand and suitable for applications as dynamic dampers or energy absorbers.

Ink preparation
Photoresponsive
3D printed structures

3D printing & particle alignment

Q

RO
trans - cis
Photoisomerization

Figure 3.3-1 Preparation of photoresponsive 3D-printed cellulose nanocomposites. The CNC are surface-modified with Dis-
perse Red 1 (DR1). When introduced in a polymer resin, they create a printable ink that can be processed with DIW. 3D
printing locally aligns the particles along the printing direction, conferring anisotropic mechanical properties to the printed
objects. The final printed structure, after curing, displays photoresponsive behaviors due to the photoisomerization of DRI.
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These renewable functionalized particles have hence a great potential for the production of diverse smart
mechanical structures, i.e., structures that react to an external stimulus. By allowing the additive manu-
facturing of diverse matrix materials while actively conferring reversible photoresponsive behaviors,
these functionalized CNC substantially increase the design freedom by adding the temporal dimension
to the structure’s properties. Thus, lightweight devices for specific (dynamic) load cases can be produced
and customized with fine-tuned mechanical properties that allow reacting to environmental changes.

3.3.3 Results and Discussion

3.3.3.1 Functionalization of CNC

We imparted functional and photoresponsive behaviors to cellulose nanocomposites by attaching DR1,
an azobenzene molecule, to the surface of the CNC. To achieve such a chemical modification, cyanuric
chloride was selected as a chemical linker, since the reaction undergoes two nucleophilic substitutions:
one with the cellulose hydroxyl groups (—OH) and one with the DR1 ones (Figure S 3.3-1) allowing
covalent bonding of the azobenzene on the CNC surface [25]. The chemical treatment could be carried
out successfully, leading to strongly magenta colored CNC (Figure 3.3-2). Unmodified CNC (named
CNC) and modified CNC (named CNC-DR1 for simplicity) were characterized qualitatively by ATR-
FTIR and the results indicate a successful cellulose modification (Figure 3.3-2a). The appearance in the
CNC-DRI1 spectrum of IR bands at 854 cm™ for the C—CI bending and at 1500-1580 cm™ for the C-N
stretching vibrations [26] suggests the presence of the cyanuric chloride linker. Other new bands also
appear in the region 1600-1750 cm™ with a prominent peak at 1636 cm™', which substitutes the H-O—
H vibration of adsorbed water observed in the CNC spectrum, and a second small peak at 1715 cm™,
both attributed to the planar stretching vibrations of the triazine ring [27]. The sharpening of the 1636
cm! band occurred after CNC modification is assumed to occur due to the substitution of hydroxyl
groups of the cellulose with the cyanuric chloride linker. The shoulder at 1610 cm™ arises as a combi-
nation of triazine ring vibrations with the C=C stretching modes of the DR1 benzene rings [28]. Indeed,
comparison of CNC-DR1 spectrum with the one of CNC that reacted only with the cyanuric chloride
(CNC-Cy, Figure S 3.3-2) revealed that, when DR1 is employed for the reaction, the contribution of the
C=C stretching makes the band at 1610 cm™' appear stronger. Despite the differences observed between
CNC and CNC-DRI1 spectra, little differences subsist between the CNC-Cy and the CNC-DR1 IR spec-
tra. The typical frequency bands at 1500-1550 cm™ of the DR1 nitro group asymmetric stretching could
not be clearly distinguished from the C—N stretching vibrations of the cyanuric chloride. To further
confirm the DR1 presence on the surface of CNC-DR1, after the modification, additional proofs were
qualitatively obtained by ToF SIMS, XPS, and NMR (Figure S 3.3-3). All measurements revealed the
presence of DR1. From solid-state NMR (Figure S 3.3-3), the DR1 substitution fraction of accessible
hydroxyl groups at the surface of CNC could be estimated at 0.7%, calculated according to the method
employed by Xiao et al. [29]. Moreover, the substitution fraction of accessible hydroxyl on CNC-DR1
surface was estimated, considering one DR1 per triazine ring, at around 2.4%, by tracking the amount
of nitrogen with elemental analysis (Table S 3.3-1).
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Figure 3.3-2 Functionalization of CNC with azobenzene molecules. (a) Enlarged FTIR spectra between 1750 and 600 cm™ of
CNC (before) and CNC-DRI (afier functionalization), green regions highlight the appearance of new bands. (b) Photograph
comparing dried CNC (left), washed with six cycles of centrifugation and acetone renewal, dried CNC-DRI (middle) after six
washing cycles, and dried CNC that underwent the modification with DR1 without cyanuric chloride (Cy) (right) after four
washing cycles. (c) UV-vis spectra of CNC with and without modification and pure DRI in acetone, the arrows indicate the
maximum absorption peaks of the spectra with the respective colors. (d) XRD patterns comparison of CNC with CNC-DR1.

The presence of DR1 on the CNC-DRI1 surface can also be observed by the naked eye (Figure 3.3-2b)
since CNC-DR1 powder dried from acetone assumes a strong magenta color, which is maintained after
six washing cycles of the reaction product. Differently, repeating the reaction process, for CNC with
DRI1 alone, without the cyanuric chloride linker, led to a whitish powder that lost almost entirely the
characteristic color of DR1 already after four washing cycles. This indirectly indicates a successful
grafting of DR1, mediated by the cyanuric linker, on the CNC-DR1 surface.

The CNC’s change of color is also observed in Figure 3.3-2c. Here, UV—vis spectra are illustrated com-
paring the transmission of 0.5 mg mL™' of CNC particles (before and after modification) in acetone.
Both particle suspensions show a similar behavior of increasing transmittance from 20-30% to around
60-70% with increasing wavelength. Such behavior is attributed to the light scattering observed from
the two suspensions (Figure 3.3-2b). The lower transmittance of CNC-DR1 samples is due to a more
homogeneous dispersion in acetone and a higher stability that promotes further scattering. Pristine CNC
precipitate faster than CNC-DR1 when in acetone, resulting in lower concentrations in the light beam
path during the measurement. However, the modified CNC show an absorption peak at 505 nm corre-
sponding to the absorption region of DR1, while the unmodified particles present a constant increase in
transmission as the wavelength increases. Interestingly, the maximum absorption of DR1 in acetone is
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at 489 nm. The redshift that occurs in the CNC-DR1 suspension arises due to a stronger electron delo-
calization [30], further indicating a successful functionalization reaction.

Despite successfully accomplishing the chemical modification, the crystalline structure of the CNC may
have been altered during the process [19]. To investigate the crystallinity in more detail, XRD was
performed for both, CNC and CNC-DR1, as shown in Figure 3.3-2d. Comparing the two types of parti-
cles, it is observed that both XRD patterns are practically identical. The CNC pattern presents peaks at
14.91, 16.68, and 34.68° attributed to the crystallographic planes (110), (110), and (004) of Cellulose Ip,
respectively, and peaks at 12.25, 20.15, and 22.43° attributed to the crystallographic planes (110), (110),
and (020) of Cellulose II [31],[32]. As previously reported by Banerjee et al. [33] the coexistence of
both Cellulose Ig and II polymorphs in the pristine CNC is a characteristic feature of these commercial
particles. CNC-DR1 XRD pattern presents the same peaks, without shifts, nor the broadening of existing
crystalline peaks of the cellulose particles that is usually attributed to a decrease of crystallite sizes [34].
Hence, the grafting process is not detrimental to the crystalline structure of CNC, which maintains a
crystallinity index of 91%, as calculated according to the method described by Park et al. “XRD peak
height method” [35]. Even though this method results in an overestimation of the crystallinity index, a
relative comparison between cellulose particles seems reasonable.

After modification, CNC-DR1 must be incorporated into a polymer matrix in order to obtain a printable
ink. The anisotropic shape of CNC plays an important role on the rheology of the suspension, as well as
on the directional tailoring of the printed part’s mechanical properties. To ensure a strong shear thinning
behavior of the ink and successful alignment of the CNC during extrusion, the aspect ratio of the CNC
needs to be preserved after modification. Hence, the morphology of modified and unmodified CNC was
characterized with electron and atomic force microscopy (AFM) (Figure 3.3-3). These analyses confirm
that the chemical treatment of CNC does not modify the morphology of single particles. Transmission
electron microscopy (TEM) and AFM observations show the morphology of both CNC (Figure 3.3-3a,b)
and CNC-DR1 (Figure 3.3-3d,e) single particles. By measuring the lengths and diameters of over 60
particles of each of the two CNC types from the AFM and TEM images, it was observed that unmodified
CNC possess lengths of 117.9 = 42.1 nm and widths of 4.7 = 1.3 nm, while CNC-DR1 show an average
length of 124.3 + 44.1 nm and widths of 4.7 + 1.4 nm. Despite the CNC morphology not being affected
by the surface modification, a slight tendency of modified particles to agglomerate was noticed. Obser-
vation of isolated CNC-DR1 single particles was more sporadic than for CNC, often resulting in images
with agglomerated elements similar to Figure 3.3-3e. This may arise from the formation of covalent
bonds between CNC. Unreacted Cl of the cyanuric chlorine linkers could react with the free hydroxyls
of the CNC surface, thus leading to the formation of such small clusters. To have a full overview of the
morphological properties of CNC, scanning electron microscopy (SEM) observations were also carried
out. Dry CNC (Figure 3.3-3c) and CNC-DR1(Figure 3.3-3f) films obtained from evaporation of the
CNCl/acetone suspensions with the same concentration, were observed by SEM. The CNC display the
presence of thin filamentary agglomerated bundles as a result of a hornification process [36]. Similarly,
CNC-DR1 also agglomerate, forming films with larger and bigger surface bundles and appear slightly
less hornified.
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Figure 3.3-3 Morphological characterization of the CNC before and after the chemical reaction. (a) and (d) TEM images of
CNC and CNC-DRI1, respectively. (b) and (e) AFM height measurements of CNC and CNC-DRI, respectively. (c) and (f) SEM
images of CNC and CNC-DR1, respectively.

3.3.3.2 Direct Ink Writing of 3D Structures

Modified CNC-DR1 and unmodified CNC particles were incorporated into a polyurethane acrylate
(PUA) matrix composed of 49 wt % PUA, 49 wt % (hydroxyethyl)methacrylate (HEMA), and 2 wt %
of photoinitiator Irgacure 819. 3D-printed composites must be manufactured by a DIW approach. Con-
sequently, the inks need to meet specific rheological properties known as printability requirements
[91,[19],[37]. More precisely, inks for DIW should present a storage modulus G’ and a loss modulus G”
bigger than few kPa, an apparent yield stress 1, bigger than 100 Pa while demonstrating a strong shear
thinning behavior. In this work, three concentrations of CNC-DR1 were investigated by oscillatory rhe-
ology (Figure 3.3-4a), namely 10, 15, and 20 wt %. For all tested concentrations, the resulting inks
feature a strong shear thinning behavior and rheological properties that fulfill the above-mentioned print-
ability requirements. The storage and loss moduli of the tested inks display, at low shear stresses, a first
plateau region where G'> G" due to the formation of a percolating network by the nanocellulose parti-
cles [8]. The plateau region is followed by an initial drop of G’ and an increase in G" at higher shear
stresses, until the dynamic yield stress where G' = G” is reached, marking the transition from a solid-
like response to a liquid-like behavior. Specifically, the yield stress defines the moment when the per-
colating network disrupts and the CNC particles align and order, inducing a strong shear thinning be-
havior [38], further confirmed with rotational rheology (Figure S 3.3-4). Increasing the concentration of
CNC-DR1 in the polymer matrix enhances this rheological behavior, shifting both storage and loss mod-
uli, and the dynamic yield stress to higher values. As the inks become more concentrated in CNC-DR1,
from 10 to 20 wt %, the G’ passes from 1.2 - 10° to 8.8 - 10° Pa and the 1, increases from 844 to 7750
Pa. All three concentrations of CNC-DRI1 in the PUA-HEMA ink formulations meet the printability
criteria. The 15 wt % ink was the concentration of choice for the DIW printer employed during this
study. This concentration allows maximizing the content of CNC in the system while allowing a wider
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range of printing pressures to optimize the printing quality. On the contrary, an ink with 20 wt % con-
centration would require the maximum printing pressures of our system (ca. 5.5 bar) and it would be not
possible to change this parameter.
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Figure 3.3-4 Characterization of the printable inks and manufactured demonstrators. (a) Oscillatory rheology of CNC-DR1
inks with different particle concentrations and (b) comparison of rheological behavior with unmodified CNC. (c) Butterfly
composed of a 3D-printed single layer of PUA-HEMA with 15 wt % of CNC-DRI1 particles. The micrographs represent polar-
ized optical microscopy observations of the layer with printing direction at 0° and 45° angle with the polarizer. (d) 3D-printed

structures with 15 wt % of either unmodified CNC (white) or functionalized particles (red), manufactured by a single step of
DIw.

The 15 wt % CNC-DRI1 ink shows slightly higher storage modulus and yield stress compared to the
rheology of the unmodified CNC ink with the equivalent particles’ concentration (Figure 3.3-4b). The
ink with unmodified particles shows G’ = 10° Pa and 1, = 938 Pa, while the CNC-DR1 ink presents G’
=2 - 10° Pa and 1, = 1202 Pa probably arising from the presence of slightly aggregated clusters. These
could decrease the maximum packing density allowed in the ink, which would result in higher viscosities
for the same volume fraction of particles [39]. Hence, the surface chemistry of CNC-DRI1 results in a
stiffer ink below the yield stress, meaning that this ink is more suitable than the one with untreated CNC
for printing self-standing structures. Indeed, the 15 wt % CNC-DR1 ink can easily be processed by DIW
in several shapes and geometries. A custom butterfly shape (Figure 3.3-4c) was 3D-printed to investigate
the shape fidelity of a single layer and control the post extrusion alignment of the cellulose particles.
Comparisons of the initially designed dimensions of the butterfly’s digital model with the dimensions
of the final 3D-printed demonstrator showed a high shape fidelity for features that are bigger than 1 mm.
Printed samples prepared with the CNC-DRI1 ink revealed a strong alignment of the particles along the
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printing direction, when observed with an optical microscope equipped with cross polarizer filters (Fig-
ure 3.3-4¢). The well-known birefringence [40],[41] of CNC causes the strong change in intensity ob-
served in the polarized microscopy images. CNC aligned to the light polarization (0°) allow undisturbed
light transmission and its cancellation by the analyzer filter, leading to a dark image. On the other hand,
when aligned at 45° to the light polarization, CNC birefringence promotes a strong light scattering,
which maximizes the transmittance through the analyzer and produces the bright picture. The observed
alignment of CNC-DR1 offers an interesting potential for optical applications, especially for wavelength
selective polarization filter membranes. In fact, the CNC birefringence has previously been exploited
for the inkjet printing of low concentrations (<2.6 wt %) sulfonated CNC suspensions, leading to mate-
rials that are promising for applications in optics as colorful polarization filters and in security printing
for anticounterfeiting [42].

Moving from printing in 2D to manufacturing complex 3D structures was easily achieved in a single
printing step for inks containing 15 wt % CNC-DR1. Here, this is demonstrated with the production of
two honeycomb structures (Figure 3.3-4d) with a height of 5 mm, each produced with both types of
CNC reinforcement particles.

3.3.4 Dynamic Response of Printed Materials and Structures

In order to understand both the effects of regular and photoresponsive DR1 modified CNC particles on
the printed materials, the mechanical properties of 200 um thick 3D-printed single layer composites
were analyzed as a function of temperature and external illumination with an Opulent Cree LED at a
wavelength of 475 nm (Figure 3.3-5). The first characterization compares CNC-DR1 with unmodified
CNC printed films using thermal dynamic mechanical analysis (DMA) (Figure 3.3-5a). The comparison
of 15 wt % CNC-DR1 with 15 wt % CNC composites shows that the surface modification introduced
on the particles leads to stiffer materials. Both composites (CNC and CNC-DR1) have a glass transition
temperature (7)) of =55 °C and the difference in storage modulus increases after the materials reach the
amorphous region, before decreasing again after 100 °C. Results of differential scanning calorimetry
(DSC) measurements from —100 to 200 °C (Figure S 3.3-5) show that the 7}, of both materials is around
—59 °C, being in agreement with the results indicated by DMA measurements. Moreover, DSC analysis
showed that both materials undergo melting at 123 °C with an onset temperature lying around 60 °C,
thus explaining the strong final drop of storage moduli occurring after 80 °C in the DM A measurements.
At 25 °C, CNC-DR1 composites demonstrate a clearly stiffer behavior with a storage modulus of 165
MPa compared to 66 MPa for unmodified CNC. The increase of the elastic properties of CNC-DR1
composites may stem from an interlocking of the CNC network, ensured by agglomerated CNC-DR1
(Figure 3.3-3e). During the reaction, cyanuric chloride groups might form covalent bonds with the cel-
lulose’s hydroxyl groups and promote such agglomeration. Furthermore, such an effect could also arise
from the introduction of azobenzene’s hard segments. In a previous work, we noticed that the presence
of noncovalent bonded DR1 in liquid crystalline elastomer CNC composites promoted an increase in
both, elastic modulus and strength of the materials [43].
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Figure 3.3-5 Photoresponsive properties of the 3D-printed PUA-HEMA composites. (a) Thermal DMA operated between —100
and 100 °C in tensile mode. (b) Photoresponse of the storage modulus of the composites over time. The gray regions represent
measurements in dark, while white regions are measurements under illumination. (c) Tensile tests at equilibrium for samples
before or during illumination. (d) Shape memory effect observed on a PUA-HEMA 15 wt % CNC-DRI printed butterfly. The
folded butterfly recovers most of its initial shape after 10 s of illumination, while a butterfly composed of PUA-HEMA 15 wt
% CNC does not present such a behavior under illumination.

The photoresponsive effect of grafting the azobenzene to CNC surfaces was further studied with a DMA
analysis under illumination. The printed CNC-DR1 composites display a reversible photosoftening
when irradiated with light of 475 nm wavelength (Figure 3.3-5b). The dynamic softening was measured
with a time sweep analysis in a DMA, during which an LED lamp (Opulent Cree, 3W) was set 5 mm
away from the center of the sample. The light was then switched on and off every 3 min. These meas-
urements show that the CNC-DR1 composites lose 32% of their storage modulus in less than 10 s after
the light shines on them. This photoresponse is fully reversible. In contrast, the composites with unmod-
ified CNC show only a slight reaction to the illumination that is attributed mainly to the heat generated
from the illumination setup. The strong softening of CNC-DR1 composites arises from a photothermal
effect generated by the strong light absorbance of DR1 moieties. During the illumination, DR1 mole-
cules undergo fast trans—cis—trans conformational changes [24], generating temperatures reaching 200
°C in the near local molecular environment [44]. For the CNC-DR1 composites, an infrared camera
(Figure S 3.3-6) revealed a maximum surface photogenerated temperature of 92.7 °C for the irradiated
regions when the lamp is at a distance of 5 mm, confirming a strong photothermal effect of the CNC-
DR1 particles. Instead, unmodified CNC composites did not show a photothermal effect, only a slight
increase in temperature of 2 °C attributed to the heat irradiated from the illumination setup. The CNC-
DR1 samples illuminated at 5 mm of distance show an average surface temperature around 60 °C for
the whole irradiated region. This further suggests that the photosoftening arises from the increase in
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temperature. The storage modulus of CNC-DR1 composites, obtained by thermal DMA experiments in
Figure 3.3-5a, exhibits a drop of 33% when the temperature increase from room temperature to 60 °C.
Such softening is comparable to the drop in modulus observed as a response to the irradiation.

After the dynamic observation of the current photosoftening, the effect of illumination at equilibrium
conditions was also studied by microtensile tests [45] (Figure 3.3-5¢), during which an LED lamp (Op-
ulent Cree, 3W) was set 10 mm away from the center of the samples. Both unmodified CNC and CNC-
DR1 composites were tested in dark and during irradiation. In dark, both composites demonstrate co-
herence with the DMA measurements. Unmodified CNC composites are weaker than CNC-DR1 ones,
with elastic moduli measured in the dark around 10 and 30 MPa for CNC and CNC-DR1 composites,
respectively. Irradiation did not lead to substantial differences in stress—strain behavior of the CNC
composites compared to the samples tested in the dark, while irradiation of CNC-DR1 composites re-
sulted in a loss in stiffness and strength. The elastic modulus of such composites strongly decreases from
30 to 16 MPa (Figure S 3.3-7) while the maximum strength slightly decreases from 2.3 to 1.8 MPa when
samples were illuminated. The photoresponsive softening, being fully reversible, allows CNC-DR1
composites, which were illuminated with successive intervals of irradiation, to switch between mechan-
ical behaviors in the dark and under illumination (Figure S 3.3-8).

The photogenerated heat produced from the CNC-DR1 reinforcements also proved to trigger the shape
memory behavior of the PUA-HEMA matrix (Figure 3.3-5d). To clearly demonstrate this effect, we 3D-
printed a butterfly using the 15 wt % CNC-DR1 ink and we folded and maintained its wings deformed
until they kept an angle of 45°. Upon illumination with a 475 nm wavelength LED (Opulent Cree, 3W),
the wings opened to 140° in less than 10 s, recovering 70% of the initial wing’s opening before defor-
mation. On the contrary, when irradiating another butterfly, folded in the same manner but composed of
15 wt % CNC in the PUA-HEMA matrix, the wings do not move or open even after 60 s of illumination
(Figure S 3.3-9). Nonetheless, both CNC and CNC-DR1 composites react to temperature (Figure S
3.3-10) and display a thermally activated shape memory behavior, confirming the actuation of DR1 by
a photothermal effect. Polyurethanes are known to exhibit a shape memory effect activated by temper-
ature [46],[47]. This phenomenon arises in thermoset polyurethanes as the PUA-HEMA matrix of the
current inks, due to the presence of cross-linked hard and other soft polymer segments. The former
polymer segments define the permanent shape while the latter ones are responsible for the temporary
shapes and the transition temperatures [48-50]. In particular, the PUA-HEMA matrix studied in this
work demonstrates a very broad melting temperature (Figure S 3.3-5) indicating that the melting of the
soft segments is responsible for the shape memory behavior.

At 15 wt % concentration, CNC-DR1 particles are providing printability to the uncured PUA-HEMA
matrix. An increase in the elastic modulus and strength, a strong photosoftening, and a phototriggered
shape memory behavior are the major effects on the cured composites. To highlight such properties and
demonstrate the advantage of printing functional materials, two types of honeycomb structures were
manufactured. These honeycombs were produced by 3D printing the 15 wt % CNC-DR1 PUA-HEMA
ink with the goal to combine the geometry (3D printing) with functionality (photoresponse) and to give
rise to targeted mechanical responses. First, hexagonal honeycombs were manufactured as examples of
energy absorbing structures [51]. Second, we produced so-called negative stiffness structures composed
of prismatic cells with two double curvature beams by DIW. The latter structures have the particularity
to present energy absorption in a recoverable way [52]. The beams are designed to allow energy dissi-
pation as they undergo a first mode buckling deformation displaying negative stiffness during such an
event. These negative stiffness honeycombs have already demonstrated the influence of a well designed
geometry for energy absorption and shock isolation applications [53],[54]. With the developed DIW
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ink, both types of honeycomb could be easily printed and utilized to demonstrate photoresponsive dy-
namic energy absorbers.

Once the structures were printed, we carried out quasi static compression tests to characterize energy
absorption features of the 3D-printed structures while illuminating them at selected deformations (Fig-
ure 3.3-6). This produces a distinct response to the compressive force, allowing to tune the quantity of
energy absorbed by a defined structure. Indeed, the hexagonal honeycombs show a clear difference in
their energy absorption capability when comparing samples compressed in the dark with samples com-
pressed upon selective illumination (Figure 3.3-6a). The structures were compressed until 50% of their
original size and released. The black curve represents the averaged mechanical behavior of the structures
in the dark while the magenta curve shows what happens when the light irradiates the samples every
10% of strain intervals. In the dark, the hexagonal structure deforms linearly, before having a negative
slope from 10% to 30%. After 30% of compressive strain, a second linear increase in force is observed
due to the connection of the deformed cell walls, as can be observed in Figure 3.3-6b, occurring after
25% strain. When the functional composite structure undergoes irradiation intervals, the reversible pho-
tosoftening quickly arises under illumination. This generates a dynamic weakening of the structure that
can be observed by the fast change of force-strain slope at 10% followed by a prompt strengthening at
20% strain, after stopping the irradiation. In the further course of the test, the illumination at 30% strain
produces again a strong change in the mechanical properties of the composites. The slope of the force
decreases from the nonilluminated condition and produces a continuous increase of force until the end
of the cycle. Interestingly, both conditions led to the same result during unloading, the structures could
recover only until 25% of compressive deformation.
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Figure 3.3-6 Combination of 3D-printing complexity with dynamic response to light of 3D-printed cellular structures. (a)

Compression tests, in dark or under selective illumination, of hexagonal honeycombs composed of PUA-HEMA with 15 wt %

CNC-DR1. For selective illumination measurements, the light was off in the gray regions, while it was switched on for the

white regions of the graph. (b) Images of deformed samples under compression for different strains. (c) and (d) Compression
tests in dark or under selective illumination of negative stiffness structures composed of PUA-HEMA with 15 wt % CNC-DRI;
for selective illumination measurements, (c and d) represent different illumination profiles, the light was off'in the gray regions

and it was on in the white regions of the graphs. (e) Deformation under compression of a tested negative stiffness structure. (f)

Shape memory effect of compressed hexagonal honeycombs and negative stiffness structures after 5 min of illumination, both
structures are composed of PUA-HEMA with 15 wt % CNC-DR1.
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The negative stiffness structures that were manufactured with 15 wt % of CNC-DR1 ink were loaded in
the same compression experiments as the hexagonal honeycombs, but until 30% of compressive strain
and different illumination profiles (Figure 3.3-6¢ and d). In the dark, the printed structures show a me-
chanical behavior with two maximum peaks of force around 1.5 N, representing the snapping of the
double curvature beams of the prismatic cells (Figure 3.3-6¢). Contrary to literature [52],[55], the com-
posite structure does not seem to be recoverable, since during the unloading, it can recover only until
10-15% of strain with the slight presence of a snapping peak. Despite the fact that the process parame-
ters have been optimized for both high resolution and CNC alignment (e.g., 250 um nozzles diameter,
3.5 bar of pressure at 10 mm s'), unnoticeable defects might occur during printing of sharp corners,
which could create local stress concentrations and lead to the formation of plastically deformed regions.
Nonetheless, light irradiation provides important changes to the compressive behavior of the negative
stiffness honeycombs. When irradiated from the beginning of the compressive loading (Figure 3.3-6¢)
to half of the deformation, the photosoftening completely weakens the negative stiffness structures,
leading to a broad initial force peak (reaching 0.75 N) followed by a second peak in the dark where the
mechanical resistance of the structures can only slightly recover from the initial illumination (0.90 N).
On the contrary, when the illumination occurs at the maximum of the first force peak (Figure 3.3-6d)
the softening of the negative stiffness structures leads to a marked change of slope followed by a strong
decrease of the second force peak, which reaches again 0.75 N. During unloading the second double
curvature cell does not snap back to its original position and remains blocked in its compressed state.
This is also seen from the graph in Figure 3.3-6d where the recovery force peak is leveled out.

Certainly, both types of structures can benefit from the shape memory behavior previously observed,
and recover their initial shape. After carrying out the compression, 5 min of illumination trigger the
shape recovery of the tested hexagonal honeycomb and negative stiffness structures (Figure 3.3-6f). For
the negative stiffness honeycomb, the recovery of the initial shape could be carried out three times. After
the first shape recovery, the negative stiffness structure undergoes a slight decrease in the force threshold
of the buckling deformation, decreasing from 1.6 to 1.3 N. However, the compression of the same part
could be repeated two more times with minor shifts of the force peaks (Figure S 3.3-11), arising from
buckling instabilities, but maintaining a similar resistance with force peaks varying between 1.15 and
1.3 N. Finally, the introduction of CNC-DR1 in the PU matrix allows for the material to be additively
manufactured and confers both mechanical reinforcement as well as photoresponsive softening. More-
over, such material demonstrates to be suitable for the production of dynamic energy absorbers by 3D
printing, which present customizability of the mechanical response and, interestingly, also improvement
of recoverability of the compressed structures. Nevertheless, the greatest advantage of the modified
CNC (CNC-DR1) lies in the possibility to be dispersed in other polymer matrices to exploit the photo-
thermal effect for shape changing purposes, as could be the case for PNIPAM hydrogels [15], or to
directly exploit the conformational changes of DR1 to trigger liquid crystalline elastomer shapemorph-
ing [56].

3.3.5 Conclusion

We demonstrated an approach that allows the fabrication of composite materials with DIW while con-
ferring photoresponsive behaviors to the obtained complex 3D-printed structures. Among the different
photoresponses available by grafting DR1 azobenzenes on CNC, we harnessed the heat generated by
the rapid trans—cis—trans photoisomerization to produce dynamic energy absorbers that can be function-
ally tuned by illumination, both spatially and temporally. The DR1 surface grafting on renewable CNC
was confirmed by FTIR, NMR, XPS and UV-vis. The chemical modification led to a change in color
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of the nanoparticles without modifying the crystalline structure or the morphology of the particles while
maintaining their anisotropic shape. The modified nanoparticles could be introduced into a PUA matrix,
strongly influencing its rheology and promoting the formation of gel-like inks that fulfill printability
requirements, thus allowing the processing of 3D parts by DIW. The strong photothermal effect confers
photosoftening ability and a shape memory effect to the 3D-printed structures. The strength of this ap-
proach lies in combining such photoresponses with the DIW ability to create 3D complex shapes, as
honeycombs and negative stiffness structures, presenting local alignment of CNC. As a result, such
devices could be printed in a single step and their mechanical behavior under compression forces could
be tailored by temporally illuminating the structures during loading. The material produced in this work
presents an interesting potential for the production of shock and vibration protection or dynamic energy
absorbing devices that are operated in specific load conditions, for instance, as in prosthetics or in soft
robotics. This demonstrates that adding functional responses to 3D-printed devices enhances the design
freedom and adaptability of lightweight mechanically tailored structures. However, the potential of our
CNC is not limited to the produced material, since CNC-DR1 would allow exploiting the azobenzene
trans—cis—trans photoisomerization in other compatible polymer matrices. This could allow for 3D
printing of devices with different photoresponses. By introducing such nanoparticles into liquid crystal-
line elastomers, the photomechanical effect would lead to dynamic and reversible shape changes. For
instance, the use of a matrix including cyclodextrins in the polymer network would lead to gel-sol tran-
sitions. Furthermore, the development of these multipurpose active CNC enables to transfer material
technologies that were formerly limited to 2D shape into 3D complex structures, in which geometrical
effects, spatially tailored mechanical properties and photoresponses are combined. With this technology,
highly customized devices with outstanding functional properties can be produced based on renewable
materials, moving a step further toward independence from fossil fuel resources. Finally, by allowing
and improving emulation of biological materials’ structures and properties, the developed devices could
also contribute to deepening the understanding of natural materials and their complexity.

3.3.6 Experimental Section

Materials: Cellulose nanocrystals (CNC) obtained from sulfuric acid hydrolysis of eucalyptus pulp
were supplied by University of Maine (United States). The reagents Disperse Red 1 (DR1) (95%) and
Cyanuric Chloride (>98%) were acquired from Sigma-Aldrich and Fluka Chemie GmbH, respectively.
The catalyst 2,4,6-trimethylpyridine was supplied by VWR (Acros Organics). The polymer matrix was
composed of Polyurethane Acrylate (BR3741A) kindly supplied by Dymax and 2-hydroxyethyl meth-
acrylate (HEMA) acquired from Sigma-Aldrich. The photoinitiator bis(2,4,6-trimethylbenzoyl)-phe-
nylphosphineoxide (IRGACURE 819) was obtained from BASF. Finally, dimethyl sulfoxide (>99.5%)
was acquired by Sigma-Aldrich and used without further purification.

Functionalization of CNC: In order to graft the azobenzenes on the surface of the CNC, 1.5 g of
DR1 were added into a 3-necks round-bottom flask containing a suspension of 3 g of CNC in 150 g of
acetone. Four g of cyanuric chloride were successively dissolved in 30 g of acetone and added slowly
to the cellulose suspension. Then, 2,4,6-trimethylpyridine (3.28 mL) was slowly poured in the suspen-
sion. The dispersion was continuously stirred and heated up to 55 °C in a nitrogen atmosphere for 15 h.
The glass reactor was equipped with a condenser to avoid evaporation of the acetone. The reaction was
stopped by quenching the suspension in an ice bath. The modified CNC were purified by 6 centrifugation
cycles (Rotina-380, Hettich) at 5000 rpm for 5 min with renewal of the solvent. The solid content of the
final suspension was determined by solvent evaporation.
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Preparation of the inks: The inks that were investigated in this work contained 10, 15, or 20 wt %
CNC (modified or unmodified) and the polyurethane-HEMA matrix. The matrix components were
mixed with 49 wt % of the difunctional polyurethane acrylate oligomer (PUA), 49 wt % 2-hydroxyethyl
methacrylate monomer (HEMA), and 2 wt % bis(2,4,6.trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819) as photoinitiator. After mixing of the matrix components, the desired amounts of CNC
were added as an acetone dispersion. The solvent was successively evaporated overnight, while contin-
uously stirring the mixture at 40 °C. After this step, the ink was mixed 3 times in a SpeedMixer (DAC
150.1FVZ), with cycles composed of 1 min at 1000 rpm, 2 min at 1500 rpm, and 4 min at 2000 rpm.
After mixing, the ink was transferred to a 30 mL UV shielding cartridge. The cartridge was centrifuged
for 10 min at 3000 rpm to remove any air bubbles from the ink.

3D Printing of structures: 3D structures were printed using a conical nozzle with an inner diameter
of 0.25 mm. The prepared cartridges were mounted on a direct ink writer (DIW) printer (3D-Bioplotter
“Manufacturer Series”, EnvisionTEC, Germany). All inks containing modified or unmodified CNC,
were extruded with a printing speed of 10 mm/s and a pneumatic pressure ranging between 1 and 4 bar
onto a previously hydrophobized glass slide. Each layer was illuminated for 10 s with three monochro-
matic LEDs (365 nm wavelength, 3 W) in air. The printed final structures were cured for 10 min in a
nitrogen atmosphere using a custom-made illumination setup composed of 5 monochromatic LEDs (365
nm wavelength, 3 W).

Shape memory observation: The unfolding of the wings of a 3D-printed butterfly was character-
ized as follows: the wings of the butterfly were manually folded closed and maintained until no elastic
response could be observed. Then, the materials were illuminated at a distance of 5 mm from an LED
light (475 nm wavelength, 3 W). The movement of the demonstrator while illuminated was captured
with a camera (EOS 100D, Canon) with an aperture of 9.0 and an exposure time of 100 ms.

Optical Microscopy: The images of the printed structures were taken with an optical microscope
(Zeiss, Axioplan) equipped with a digital camera (Leica DFC 420). The microscope was also equipped
with cross polarizer filters and the samples were rotated from 0° with respect to the polarizer to 45°.

Fourier-Transform Infrared Spectroscopy (FT-IR): The functionalization reactions were inves-
tigated with an FT-IR spectroscope (Tensor 27 IR, Bruker) equipped with a ZnSe crystal in attenuated
total reflectance (ATR) mode. The samples were prepared by drying the suspensions for 48 h ina 60 °C
oven to dry and evaporate the solvent. The FT-IR spectra were recorded from 4000 to 600 cm™' with 64
scans per sample and a resolution of 4 cm™. Three spectra were recorded per sample; the spectra were
baselined and averaged with OPUS scope software. Finally, each spectra was normalized by its maxi-
mum value to allow visualization and comparison of multiple spectra.

Ultraviolet-Visible (UV-Vis) Spectroscopy: Quartz glass cuvettes were filled with a DR1 solution
with 10 ug mL™! in acetone for the analysis of the pure azobenzene. Quartz cuvette containing 0.5 mg
mL™! of CNC (either unmodified or modified) in acetone. The cuvettes were shaken thoroughly before
measuring the samples with an UV—vis spectrometer (Cary 1E, Varian). The spectra were recorded be-
tween 800 and 200 nm with a step size of 5 nm and the measurements were repeated 3 times for each
sample. The representative measurements are illustrated in the manuscript.

Powder X-Ray Diffraction (XRD): Diffraction graphs were measured using an XRD system (Pan-
alytical, X’pert Pro) equipped with Cu radiation (Ko = 1.54056 A and Ka, = 1.54439 A). The samples
were ground and placed on a zero-background silicon sample holder. The diffraction data was measured
from 5 to 80 degrees with a step size of 0.026 degrees. The sample was rotated at a speed of 8 s per
revolution during the measurement to increase the sampling statistic. The curves were baselined and
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plotted for calculating the crystallinity index. The crystallinity index was determined based on the in-
tensity method described by Park et al. [35] In this method, lo0> peak intensity located at a 2 0 angle of
around 22.5° and the amorphous peak intensity Iam at approximately 18° are measured. The crystallinity
index was calculated according to following eq (1):

lpoz — 1
Crystallinity index = Uooz = an) 1

Iooz

Atomic Force Microscopy Scanning (AFM): Single particles were imaged with the Icon3 AFM
(Bruker) in soft tapping mode using silicon tips (RTESPA-150, Bruker). Later, the images were flat-
tened, and artifacts were removed with NanoScope analysis software from Bruker. The samples prepa-
ration for the AFM analysis was conducted based on the process described by Arcari et al. (56) Briefly,
the modified and unmodified CNC were dispersed in Milli-Q water to reach a final concentration of 2
mg L', Freshly cleaved mica was attached with double-sided tape to a glass slide. Twenty pL of an
acqueous solution containing 0.05 vol % of (3-aminopropyl) triethoxysilane (APTES) were deposited
on the mica to achieve a positive surface charge. After 60 s the mica was rinsed thoroughly with Milli-
Q water and dried with a pressurized air gun. Successively, the mica was covered by the 2 mg/L. CNC
suspensions. After 30 s the mica was rinsed again thoroughly with Milli-Q water and dried with pres-
surized air. The samples were kept under vacuum in a desiccator before the measurements to prevent
any contamination. Measurements of diameters of CNC were based on the vertical cantilever displace-
ment, while length were extracted from the images with the NanoScope analysis software.

Scanning Electron Microscopy (SEM): The cellulose nanoparticles were imaged with a Nano-
SEM 230 (FEI) SEM at a distance of 10 mm and an accelerating voltage of 5 kV. The samples were
prepared by evaporating the acetone from the suspension in a 60 °C oven. The dried powders were
sprinkled on a carbon tape stuck to aluminum sample holders. A 7 nm layer of platinum was sputtered
on the samples as conductive layer. The samples were stored under vacuum in a desiccator before im-
aging.

Transmission Electron Microscopy (TEM): The modified and unmodified CNC were imaged
with a JEM-2200FS (Jeol) TEM and an acceleration voltage of 200 kV. Samples were prepared and
deposited on carbon coated-grids. The carbon-coated grid surface was made more hydrophilic by 10 s
of oxygen plasma treatment. A 30 uL drop of 2 mg/L. CNC water suspensions was deposited on Parafilm
and the grid was laid on top of the drop for 30 s. Then, the grid was placed in a drop of 2 wt % of uranyl
acetate for 30 s to stain the samples. The samples were dried and kept under vacuum in a desiccator
before imaging. Analysis of lengths of CNC was conducted with the help of ImageJ software.

Nuclear Magnetic Resonance (NMR): The measurements were carried out on an AVIII HD 400
MHz wide-bore (Bruker) NMR spectrometer. For the liquid-state NMR, 30 mg of DR1 was weighed in
a vial and 0.5 mL of deuterated chloroform was added to the vial. The solution was transferred to an
NMR tube with a pipet. The solid-state cross-polarization magic angle spinning carbon-13 ('*C CP-
MAS) NMR spectra were acquired between 400.2 and 100.6 MHz on an Avance 111 400 MHz (Bruker)
spectrometer at room temperature with a 4 mm MAS probe operating at a spinning speed of 10 kHz.
Approximately 50—-80 mg of the sample material were densely packed into 4 mm zirconia rotors. For
the *C CP-MAS NMR experiments a 3.5 ps excitation pulse at 90° was applied on the 'H channel.
Further, the contact time was set to 1 ms (optimized for best signal-to-noise) with a ramp from 100 to
50% of the power level on the proton channel. During acquisition, 3 s recycle delays, and 71 kHz SPI-
NAL 64 proton decoupling were applied. Appropriate numbers of 1500 to 16000 scans were recorded
to yield reasonable signal-to-noise ratios.
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Time of Flight Secondary Ion Mass Spectrometry (ToF SIMS): CNC films dried from an acetone
suspension for both the unmodified and DR1 modified CNC were fixed on to the ToF-SIMS plate with
aluminum tape and inserted into the vacuum chamber of the ToF-SIMS.5 from IONTOF GmbH, Ger-
many. Depth profiling was carried out using a cesium ion sputter gun with an energy of 500 eV. An area
of 500 x 500 um was sputtered and an area of 50 x 50 um? or 100 x 100 um? was measured. Bi*" ions
at an energy of 25 keV and a cycle time of 100 us were used in the analysis beam. Images were measured
with a resolution of 256 x 256 pixels per measurement. A floodgun was used to counteract charging at
the surface and the charge compensation was automatically adjusted for each sample.

X-ray Photoelectron Spectroscopy (XPS): he samples were prepared as dry film from slow evapora-
tion of acetone/CNC or acetone/CNC-DR1 suspensions. The XPS spectra were acquired with a PHI
Quantum spectrometer, equipped with an Al Ka monochromatic source (1486.7 €V), a hemispherical
capacitor electron-energy analyzer, and a 16—channel plate detector. All the spectra were acquired with
an emission angle of 45°, in fixed analyzer transmission mode, using a nominal X-ray beam-spot size
of 150 um. Given the insulating nature of the samples, all the acquisitions were carried out under dual-
beam charge compensation. The peak maximum of the C 1s was used for BE referencing. Specifically,
the BE value of the alkoxy group in cellulose [57] (2876.7 eV) was taken as reference value.

Nitrogen (N 1s) spectra were acquired at a pass energy of 23.5 eV, step size of 0.1 eV and duration of
ca. 36 min while the X-ray beam was scanned over a 500 x 1000 um? area during spectra acquisition,
rather than focusing on a stationary point to limit X-ray induced degradation of nitro groups. Surveys
spectra were acquired on previously not irradiated areas for a duration of ca. 15 min and used to carry
out elemental quantitative analysis, according to the formula in eq (2):

I
/s,
-

X' /RsF,

X, 1s the atomic concentration of the element “a”, and /; is the intensity (area) of the selected peak

2

Xa

(%23}
1

of the element “7”. RSFi is the associated relative sensitivity factor. The RSFs used in this work were
derived from the analysis software of the XP-spectrometer. It should be noted that the approach based
on eq (2) is strictly valid for materials that are homogeneous to a depth greater than the information

depth of the technique.

Rheology: The rheological behavior of the printable inks was characterized with an MCR 301 (An-
ton Paar) rheometer at 20 °C. The measurements were carried out with a plate—plate geometry, using a
disposable aluminum plate with a diameter of 25 mm and a gap of 0.5 mm between the plates. The
storage (G") and loss (G") modulus were determined by applying an oscillatory deformation between
0.01% and 1000% strain with a frequency of 1 Hz and a logarithmic sweep. Flow properties were meas-
ured with rotational increase of the shear rate in a logarithmic sweep. Three measurements per ink were
performed and the representative measurement is reported in this work.

Differential Scanning Calorimetry (DSC): The thermal behavior of the composite materials was
investigated using a DSC 8000 DSC by PerkinElmer with two heating cycles from —100 to 200 °C at a
rate of 20 °C/min and one cooling cycle from 200 °C to —100 °C at a rate of 20 °C/min. Approximately
18 mg of the samples were placed in a pan and sealed tightly. All the measurements were carried out
under nitrogen atmosphere.

Dynamic Mechanical Analysis (DMA): The mechanical properties of the printed composites were
obtained with a DMA RSA 3 analyzer from TA Instruments. Printed films with a width of 3 mm and a
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thickness of approximately 200 um were mounted with the printing direction parallel to the tensile di-
rection at a clamp distance of 20 mm and a prestrain of 20 g. The temperature sweeps were conducted
starting from —100 to 100 °C at a rate of 3 °C/min with a strain of 0.04% and a frequency of 1 Hz, using
a liquid nitrogen cooler. Light illumination tests were performed at room temperature (25 °C) by placing
one LED lamp (475 nm, 3 W) at a distance of 5 mm from the center of the sample. Here, a time sweep
with 0.04% of strain and a frequency of 1 Hz were applied. The LED lamp was switched on and off
every 3 min until the end of the measurement, after 30 min. Three samples per condition were tested
and the representative one is illustrated.

Microtensile tests: Tensile tests on the printed composites were carried out in a custom test setup
reported by Burgert et al. [45]. In summary, a step motor on a linear table allowed to vary the speed
from 1 um s! to 1000 pm s~! while the loading is measured with a 5 N load cell. The samples, films of
1 mm width and a thickness of 200 um, were glued with a cyanoacrylate glue from both sides onto
rectangular plastic foils containing three holes in the centers and one for each extremity. The holders
were placed onto the moving table and fixed with pin holes at the extremities. In order to not measure
the foil properties, the three holes were cut. The samples were stretched at a speed of 30 um s'. To
calculate the sample’s strain, the displacement of the table was divided by the sample’s length between
the glued points of the sample (6 to 9 mm). Both diameters and initial length were observed and recorded
with an optical microscope. For measurements under illumination, a support for the Opulent Cree LED
(480 nm, 3W) was 3D-printed with a Prusa imk3 FDM in PLA and adapted to the set up in order to have
a 10 mm distance from the samples. Five samples were tested for each test and sample’s condition. All
samples were tested with the printing direction parallel to the loading direction. The representative meas-
urements are illustrated.

Compression tests: Compression Force-strain curves of the printed structures were obtained on a
RSA3 3 analyzer from TA Instruments. The 2.5 mm thick hexagonal and negative stiffness honeycombs
of 15 wt % CNC-DR1 were placed in the instrument in compression mode, using circular clamps with
a diameter of 15 mm. The instrument was set to operate at a speed of 30 um s™' and at a compression of
50% and 30% strain for hexagonal and negative stiffness structures, respectively. The illumination was
applied by the mean of two Opulent Cree LED (475 nm, 3 W) placed at 10 mm from the samples on
each side (back and front). Five samples per condition where tested. The averaged measurements are
illustrated with the standard deviation.

3.3.7 Additional Information

Supporting Information

The Supporting Information is available free of charge at:
https://pubs.acs.org/doi/10.1021/acsnano.2c05628.

- Schematic representation of DR1 grafting. FTIR, ToF SIMS, XPS, solid-state NMR, elemental
analysis of CNC and modified CNC, rotational rheology of CNC and CNC-DR1 inks, thermal
imaging, tensile tests, shape memory effect and cyclic compression tests of 3D-printed compo-
sites (PDF)
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Figure S 3.3-1 Schematic representation of the chemical modification of CNC. The grafting is represented here on C6, ac-
counting for the higher probability that the reaction occurs in this position due to the reduced steric hinderance of this group.
However, the reaction could also occur on the other OH groups of the AGU (Anhydroglucose Unit).
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Figure S 3.3-2 ATR-FTIR Spectra of the CNC before, intermediate and after modification. (a)Photograph of the two reaction
products CNC-Cy (modified only with cyanuric chloride) and CNC-DRI. (b) Full spectra including CNC, CNC-Cy, and mod-

ified CNC-DRI. (¢c) Enlargement of the yellow region of the spectra in (b) between 1750 and 600 cm™, green boxes highlight
the regions of interest in the spectra.
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Figure S 3.3-3 Chemical characterization of CNC-DR1. (a) DRIToF-SIMS negative spectra of CNC-DR1 and CNC for the
NO: group of DRI Azobenzene. (b) XPS spectra of Nls signal for CNC, CNC-Cy, CNC-DR1 (left) and the grafted DRI com-
pound (right) the colored arrows indicates which peak corresponds to which N atoms in the compound. (¢) Solid state C'3 NMR
spectra of CNC-DRI.

Note on XPS: The DRI is attached to the cellulose, since ref CNC samples do not show presence of N as contamination.
Indeed, nitrogen seems to be present with 1% at. However, the N-O group tends to degrade under X-ray, becoming a N-H
group. Longer acquisition times would be required to have a full quantification, but this would lead to destruction of the func-
tional group and decreasing of the NO: peak at 405-406 eV.

Estimation of Substitution fraction of CNC accessible hydroxyls from Solid State NMR: The number of OH reacting with
DR1 over the number of accessible OH was estimated from the NMR results in Figure S3 by applying the following equation:'?

f CDrl

7
AN, SE—Y )
© = 0453+ [ Clene %

Where [ Cpyq corresponds to the area of the four aromatic carbons of DR1 at 152 ppm, while [ C1y¢ corresponds to the area
of the C1 of the anhydroglucose unite at 105 ppm. Each glucose unit bears 3 hydroxyl and for CNC with a transversal size of
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around 5 nm, only around 45 % (estimated from Sugiyama et al.%) of the total amount of hydroxyl groups is accessible at the
surface of the particles.

Table S 3.3-1 Elemental analysis results for CNC and CNC-DR1 obtained with a LECO TruSpec Micro. Samples were dried
24 hours at 60 °C from acetone suspension prior measurement.

Sample %C %H %Cl %N DS Substitution fraction of CNC
accessible hydroxyls

CNC 3945 5.75 0.61 <0.20 - -

CNC-DR1 41.99 5.73 2.05 1.80 0.03 2.39%

Degree of substitution from elemental analysis: The DS per anhydroglucose unit was estimated directly from %N of CNC-
DR1 assuming the grafted molecules to be composed of a DR1 and a Cyanuric Chloride unit as illustrated in Figure S1 and
that the reference CNC do not contain nitrogen since the measured value is below the detection limit of the instrument. The
following equation was applied:*

DS = My * nggy — %N * Magy
B %N * Meom — My * ny

Where M is the nitrogen molecular weight, nacu the number of nitrogen atoms in an anhydroglucose unit (AGU), Macu the
molecular weight of the AGU, Mcom is the molecular weight of the grafted compound and nn is the number of nitrogen atoms
in the grafted compound. The substituted fraction of OH groups among those accessible at the surface was obtained by dividing
the DS by a factor of 3 (three hydroxyls per AGU) and a factor of 0.45 (fraction of surface hydroxyls).’

Note on elemental analysis: The degree of substitution here calculated is likely an over estimation arising from the assumption
that one DR1 and one cyanuric chloride are linked together (according to the presence of Cl in the final product and the C-Cl
bending band observed from FTIR). However, being a one pot reaction, there is the possibility that more cyanuric chlorides
are attached to CNC than DR1. The calculated value remains an estimation.

(1) Xiao, L.; Mai, Y.; He, F.; Yu, L.; Zhang, L.; Tang, H.; Yang, G. Bio-Based Green Composites with High Performance
from Poly(Lactic Acid) and Surface-Modified Microcrystalline Cellulose. J. Mater. Chem. 2012, 22 (31), 15732—
15739. https://doi.org/10.1039/c2jm32373g.

2) Gardebjer, S.; Bergstrand, A.; Idstrom, A.; Borstell, C.; Naana, S.; Nordstierna, L.; Larsson, A. Solid-State NMR to
Quantify Surface Coverage and Chain Length of Lactic Acid Modified Cellulose Nanocrystals, Used as Fillers in
Biodegradable Composites. Compos. Sci. Technol. 2015, 107, 1-9.
https://doi.org/10.1016/j.compscitech.2014.11.014.

3) Sugiyama, J.; Vuong, R.; Chanzy, H. Electron Diffraction Study on the Two Crystalline Phases Occurring in Native
Cellulose from an Algal Cell Wall. Macromolecules 1991, 24 (14),4168-4175. https://doi.org/10.1021/ma00014a033.

“) Vaca-Garcia, C.; Borredon, M. E.; Gaseta, & A. Determination of the Degree of Substitution (DS) of Mixed Cellulose
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5) Siqueira, G.; Bras, J.; Dufresne, A. New Process of Chemical Grafting of Cellulose Nanoparticles with a Long Chain
Isocyanate. Langmuir 2010, 26 (1), 402—411. https://doi.org/10.1021/1a9028595.
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Figure S 3.3-4 Shear thinning behavior of 15 wt% CNC or CNC-DR1 in PUA-HEMA inks. Rheology measurements obtained
with a rotational experiment.
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Figure S 3.3-5 DSC analysis of composites with 15 wt% of particles in the PUA-HEMA matrix for both CNC and CNC-DRI.
First heating cycle obtained at 20 °C min™'.
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Figure S 3.3-6 Thermographs of the printed composite materials in dark or under illumination. The enlargement (right image)
is the CNC-DR1 composite illuminated at 5 mm distance with the adjusted scale.
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Figure S 3.3-7 Mechanical properties of the tested composites. (a) Young moduli and (b) strength extracted from the micro-
tensile tests.
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Figure S 3.3-8 Microtensile tests of CNC-DR1 composites in dark, under illumination and under selective light intervals.
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Figure S 3.3-9 Comparison of the shape memory effect triggered by illumination for CNC (a) and unmodified CNC-DRI (b)

printed composites.
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Figure S 3.3-10 Thermally activated shape memory effect of the printed composites for CNC (a,b,e,f) and CNC-DRI (c,d,g,h).
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Figure S 3.3-11 Compression of a CNC-DRI composite printed as negative stiffness honeycomb. The sample was illuminated
for 5 minutes after each cycle in order to recover its initial shape.
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4 General discussion and conclusion

For the first time, CNC composites with relatively high solid contents that display phototopatternable
stiffening, shape changing ability and/or photosoftening could be manufactured in 3D shapes by addi-
tive manufacturing. Such behavior was obtained by combining the engineering of cellulose nanoparti-
cles, as active reinforcing elements, and the design of suitable polymer matrices with the spatial control
of composition and microstructure organization offered by DIW.

Focusing on particle-matrix interactions, local photostiffenings was achieved by introducing on demand
crosslink density variations. Stiffening is hence observed as a consequence of the photoresponsive [2,2]
cycloaddition of cinnamate moieties, grafted on the CNC, with the cinnamates of the primary polymer
network. This secondary polymer network is triggered by light at a wavelength of 365 nm and the den-
sity of crosslinks is controlled by the illumination time. Spatially controlling the illumination leads to
the formation of stiff and soft domains that allows tailoring the mechanical properties of polyure-
thane/CNC composites. The shape changing ability, as a reaction to light at 480 nm, was demonstrated
by LCE/CNC composites, after doping the printed parts with an azobenzene dye. The DIW of the ma-
terial allowed orienting the CNC to structure the liquid crystal mesogens of the polymer matrix in or-
dered nematic phases. The azobenzene dye can then act as a photoswitch that trigger, under illumination,
the polymer order/disorder liquid crystalline phase transitions. This amplifies the azobenzene contrac-
tions during photoisomerization, leading to reversible macroscopic bending in diverse 3D printed struc-
tures. Design of CNC as active building blocks, by grafting of azobenzene dyes, permits DIW and, at
the same time, confers multiple photoresponses to polymers. As an example, photosoftening is the pri-
mary reaction to light observed in a polyurethane acrylate embedding these active CNC. Such compo-
sites undergo photogenerated heating, resulting in a decrease of the Young's modulus and the triggering
of the matrix's shape memory effect. With these engineered functions (photostiffening, shape changing
and photosoftening), the different materials demonstrated a very large design freedom for 3D shapes,
mechanical properties and responses. This allows the production of tailored devices for a wide range of
applications, spanning from protective structures for sensors to dynamic energy absorption.

The light stimulated adaptable behaviors conferred to our 3D printed cellulose nanocomposites is seen
as the main result of this thesis. The initial works on 3D printing of cellulose nanocrystals focused
primarily on the capability of extrusion printing to orient particles and the consequent spatial control
over CNC's anisotropic stiffness in the printed materials [1]-[3]. This led to lightweight printed struc-
tures achieving outstanding static mechanical properties, optimized for the load requirements [3]. Dif-
ferently from previous works, here we were able to add dynamic responses to composites with specific
microstructures. This allowed printing nanocellulose-based devices that display adaptable physical
properties under illumination, suitable for utilization in environments presenting dynamic temporal light
solicitations. Such photoresponsive devices have the potential to revolutionize several applications rang-
ing from soft robotics to sensors. In soft robots, structural components can be lightened, while the device
assemblies can be simplified, not requiring neither engines or contact power supplies [4]. A single ma-
terial can be mechanically optimized and carry out the actuation with determined movements. Similarly,
sensors, impact-resistant structures, and construction materials could also benefit from this principle. In
short, smart photoresponsive materials based on cellulose nanocrystals can contribute to a high techno-
logical world by reducing energy consumptions in both device production (decrease of assembly steps)
and operation (weight decrease and mechanical optimization). Moreover, the methods and approaches
developed in this thesis could be applied even to other material compositions for the development of
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new photoresponsive functions in renewable materials. Especially, the active reinforcement particles
cin-CNC and CNC-DR1 could be used with other polymer matrices that satisfy the conditions required
for the photoresponse in soft materials. This would promote the use of renewable cellulose nanoparticles
outside of the boundaries of paper and food packaging applications, further expanding their market.

This thesis provides also new insights into the process-structure-property relationships of these photore-
sponsive cellulose nanocomposites. The influence of the functionalization of the cellulose nanoparticles
and polymer matrices on the ink processing by DIW could be established. The effect of DIW on the
physical properties and dynamic behaviors of the final 3D shaped composites could be revealed. Special
attention has been paid to the synergy occurring between extrusion induced alignment of the particles
with the resulting mechanical properties and photoresponse performances of the printed composites.
The collection of these data allowed to furnish a guideline with methods and requirements for the fabri-
cation of photoresponsive 3D printable cellulose nanocomposites. In the following sections these find-
ings are reviewed and critically assessed.

4.1 Direct ink writing of functionalized CNC composite inks

4.1.1 Printing of high CNC solid content inks

The main challenge that is currently encountered in CNC based composites resides in achieving homo-
geneous dispersions of the hydrophilic nanoparticles into the often hydrophobic polymer matrices [5].
The surface energy discrepancy between matrix and fillers promotes high viscosities of the dispersion,
complicating the compounding of dispersions and composite melts [5]. On the other hand, the large
amount of hydroxyl groups on CNC surfaces promotes particle aggregation. The agglomerates lead to
reduced stress-transfer and stress concentration sites, which subsequently decrease the stiffness and
strength of the composite materials [6]-[8]. DIW of such materials has been impeded by these limiting
factors, since incompatible matrices with CNC strongly limit the amount of particle solid content that
allows printing. High concentrations result in inhomogeneous flows, high or prohibitive printing pres-
sures (e.g.> 5 bar) and/or clogging of the nozzles due to agglomerates. Despite the fact that several
methods, such as ultrasonication, magnetic stirring or chemical functionalization with surfactants [6],
[8], [9], have been developed to increase homogeneity of CNC dispersions, 3D printing of high solid
contents remains a major challenge and a hot topic [10]. Devices with high solid contents of CNC could
present superior mechanical properties while decreasing the amounts of non-renewable components.

Functionalization of CNC with the selected photoswitches and their introduction in the polymer matrix
face the same issues. However, the cinnamic moieties grafted on CNC, developed in Chapter 3.1,
demonstrated to function not only as photoswitches, but also as compatibilizer and hydrophobizing
agents. The dispersion of cin-CNC in the PUA-VCA leads to lower storage and loss moduli, as well as,
yield stress for a determined concentration, when compared to unmodified CNC-polymer inks. The
chemical treatment of cin-CNC and the appropriate choice of the polymer matrix did not hinder the DIW
of the cin-CNC PUA-VCA inks, but improved the process. Further, the particle-polymer compatibility
allows for the direct printing of materials with high concentrations of particles, reaching, at least, 30
wt%. Hausmann et al. [3] prepared CNC/CNF composites with nanocellulose content around 35-40
wt%. These values could be reached after a post printing densification process of a gel containing, ini-
tially, 20 wt% CNC and 1 wt% of CNF. The recent work of Latif et al. [10] demonstrated the printing
of pastes containing 25.94 wt% of nanocellulose with a CNC:CNF ratio of 20:1. Interestingly, our ink
with 30 wt% cin-CNC in PUA-VCA reaches a yield stress of few hundreds Pa. Being in the lower range
of yield stress required for ensuring successful 3D printing with the employed DIW set-up [1], [11], 30
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wt% is in the lower range of concentrations that could be printed. Even if this remains yet to be explored,
our approach has the potential to increase further the amount of renewable particles in the photorespon-
sive 3D printed cin-CNC composites.

The functionalization of CNC with DR1, as demonstrated in (Chapter 3.3), without developing a com-
patible matrix do not allow to reach such high solid content values in the final composites. CNC-DR1
particles dispersed into the polyurethane display higher rheological properties than the suspension with
the same concentration of pristine CNC. It would hence be unlikely to print CNC-DR1/polyurethane
inks with solid content as high as 30 wt%. This also implies that despite the fact that a photoresponsive
behavior can be conferred to commercially available matrices, it is important to select a compatible
matrix in order to further increase the amount of modified CNC in the ink.

On the contrary, the approach of engineering a structured matrix as the LCE exposed in (Chapter 3.2)
results in poor dispersion of unmodified particles. In this case, pristine CNC needed to be methacrylated
in order to reduce the agglomeration and ease the printing process. Methacrylated CNC allows a reduc-
tion of the yield stress of one order of magnitude, hence demanding lower printing pressures than LCE
inks with unmodified CNC. This further confirms the importance of compatibilizing the hydrophobic
interactions between particles and matrix when a high solid content of CNC in the ink is desired.

When the solid content of nanoparticles is not a primary target, both approaches of utilizing CNC as
active photoresponsive elements or introducing CNC in engineered light stimulated polymer matrices
still allow to tune the rheology of Newtonian resins and create stable shear thinning gels that can be
processed by commercial 3D printers. Importantly, the development of our materials demonstrates con-
cepts and methods directed toward the optimization of the material's properties for a given manufactur-
ing set-up. Another way for increasing the amount of particles during printing would require optimiza-
tion of the printer set-up. Increasing further the printing pressure would allow processing of inks with
higher solid contents.

4.1.2 Hierarchical structuring in photoresponsive composites

Once uniform and homogeneous CNC/polymer dispersions could be achieved, engineering and struc-
turing of photoactive composites take place through DIW. Former studies already demonstrated DIW's
ability to create structures with hierarchical porosity spanning from the mesoscale to the macroscale
[12], [13], the ability to align nanoparticles [1], [14], [15] and molecules like liquid crystal mesogens
[16], [17] at the nanoscale. These features make DIW able to spatially organize materials' microstructure
in a hierarchical fashion to tailor the mechanical properties of the printed parts. By incorporating pho-
toresponsive functions into printable inks, DIW can manufacture hierarchically structured materials that
show light activated behaviors. Interestingly, the works presented in Chapter 3.1 and Chapter 3.2 did
not only show a final photoresponsive effect after printing. They actively contributed to further increase
the complexity of the microstructures achievable with DIW, by adding a level of hierarchy at the mo-
lecular scale.

In our cin-CNC inks (Chapter 3.1), the photopatternable stiffening introduces, at the molecular level,
compositional changes into a single material, i.e a material presenting regions with different crosslink
densities. Other approaches, such as the use of two different polymers ratios, in DIW could be previously
obtained with direct mixing in the syringe, right before the nozzle as reported by Kokkinis et al. [18].
However, the spatial resolution of this method is limited by the inner diameter of the nozzle. On the
contrary, the limit in resolution of our approach resides in the illumination set-up and can reach higher
resolutions (<100 um). Photopatterning is, in fact, conferring a high design freedom that can be used to
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create a large variety of mechanical responses as a function of the photopattern designs employed. Our
material presents hence the potential to use complex geometrical patterns that would further tailor
printed material reactions to external stresses and deformations. For example, Guzzi et al. [19] recently
produced a dual hydrogel combining hydroxypropyl cellulose, PEG-b-PLA nanoparticles and GeIMA
that can locally photostiffen. They achieved printing of 3D scaffolds embedding high resolution pho-
topatterns by alternating DIW and DLP for each layer of the final structure. This allowed to prepare
composite hydrogels that display variable Young's moduli and Poisson's ratios as a function of the em-
ployed geometrical patterns. Moreover, our cin-CNC composites demonstrated a Young modulus de-
pendent of the light intensity and illumination time. These two parameters would allow the introduction
of functional crosslink density gradients, as employed in grayscale stereolithography [20], [21]. Spatial
control of illumination with different intensities allows local control over the crosslink density, further
increasing the complexity of the hierarchical assembly and hence the tailoring of the mechanical prop-
erties.

Our work on the composite LCE (Chapter 3.2) shows, to the best of our knowledge, the first co-occur-
rence of relatively high solid content (15 wt%) of aligned CNC with LC mesogens. During extrusion,
the shear and extensional forces align the CNC and LC mesogens of the engineered matrix along the
printing directions, organizing hence LC mesogens at the molecular level. Liu et al. [22] printed soft
actuators composed of carbon nanotube in an LCE matrix. They demonstrated that the addition of 2
wt% CNC had the effect to increase the order parameter of the nematically aligned LCE. The addition
of CNC in our LCE not only allowed the printing of the material at room temperature, but it permitted
to obtain LCEs with structured LC mesogens with enhanced actuation performances when increasing
the amount of CNC. The ability of cellulose to act as an alignment layer has been demonstrated by Kang
et al. [23] where LC cells of transparent rubbed cellulose films presented performances close to polyi-
mide rubbed LC cells. In agreement with this result, our CNC particles promote the formation of more
complex phases of the LCE inks, than simply uniaxially aligned mesogens. Consequently, our LCE
composites contributes both to the field of hierarchical assembly and to the field of 3D printing of LCE
by DIW. Imparting molecular control to LCE through ink extrusion allows controlling the properties
and the stimuli responses of such materials. Many examples have shown the extrusion of uniaxially
aligned nematic LC phases [16], [24], [25], and it remains an open challenge to reach complex phases
as the cholesteric or chiral nematic. By controlling the printing parameters, such as temperature, layer
height, and nozzle diameter, functionally graded LCE devices could be printed, presenting spatially
controlled degrees of LC alignment varying from isotropic to nematic [17]. A recent effort has focused
on the 3D printing of chiral nematic phases and successfully achieved such task. It was demonstrated
that control of temperature and printing speed (1-2 mm/s) allowed the helical phase to be formed again
after printing, leading to an iridescent LCE material [26].

Even though the actual LC phase of our material still needs to be fully characterized, printing of the
LCE composites at room temperature is an evidence of an interplay between CNC orientation and the
LC phase. The pure LCE is in its crystalline phase at room temperature, but when CNC are dispersed,
the suspension behaves as a gel, indicating an amorphous state of the LC mesogens. This happens be-
cause the CNC decrease the crystalline to nematic temperature of uncured inks from 44 °C to 25 — 30
°C. From a technical point of view, better understanding of the interactions between CNC and LC feeds
the hope of allowing the faster manufacturing of materials with highly organized structures in a near
future. In other words, the control of LC mesogens with CNC would further optimize materials' structure
with respect to the mechanical properties (hierarchical organization) and provide multiple stimuli re-
sponsive functionalities. In particular, a printed device composed of a single material could present iri-
descent colors changing as it is self-bending (or contracting, curling...). This would offer the possibility
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either to obtain an optical read out of the movement or to modify its motion as the incoming light is
transmitted with a different wavelength, producing oscillating movements as observed during self-shad-
owing [27]. As a consequence, a deeper insight into the role of CNC on the LC phase arrangement
should be carried out and would be of great benefit to the field.

4.1.3 Manufacturing process limitations

With the technical advances detailed above, it is important to keep in mind that the processes of these
materials by DIW are not exempt from limitations and challenges. From a general perspective, we
demonstrated a step further toward the production of functional 3D materials based on renewable and
biodegradable materials, as shown by our use of CNC. The current challenges in the production of CNC,
like the high quantity of acid waste and the intensive energy demand linked to their isolation, rises
concerns about the sustainability of these materials [28]-[31]. Even though such challenges are currently
tackled, the nowadays use of CNC in our 3D printing materials is justified and limited mainly to niche
applications such as biomedical, soft robotics, sensing and actuation, where shape and property custom-
ization, as well as, adaptability are required [32].

From an environmental perspective, the chemical treatments employed during this thesis still require
use of toxic solvents. For instance, grafting of cinnamates on the CNC surface (Chapter 3.1) occurs in
DMF, and due to its high boiling point recovery of the solvent for reuse is unfavourable. In order to
solve this issue, our initial trials for the modification of CNC with DR1 (Chapter 3.3) involved the use
of water as medium for the reaction and citric acid as a linker. Despite the grafting of DR1 with the CNC
was successfully achieved, the process required a drying step that resulted in the agglomeration of the
particles, rendering such nanofillers not suitable for printing anymore. The aggregated particles could
not be homogenously redispersed and the ink did not reach the rheological properties required for DIW.
Consequently, the chemical process was adapted by changing the citric aacid linker for cyanuric chloride
and acetone was utilized, a common industrial solvent [33], as medium for the modification of CNC
surfaces with DR1 (Chapter 3.3). Moreover, acetone was also used as base for production of the inks
and doping of the printed LCE composites (Chapter 3.2). With respect to DMF, the lower boiling point
of acetone (55 °C) would ensure an easier recycling of the solvent. Nevertheless, a revision of the chem-
ical processes employed and a shift toward greener solvents is a current challenge. Solving this issue
would strongly contribute to the development of a more sustainable process for the preparation of the
proposed materials.

Addressing the production process, the achievable sizes of the printed parts are limited by the light
penetration during the photopolymerization [34], which fixes the gel into a solid composite. Features
with thicknesses up to one centimeter could be printed for all the materials, but the actual light's pene-
tration depth remain yet to be investigated for each composite. Secondly, the radical photopolymeriza-
tion of the PU matrices in Chapter 3.1 and Chapter 3.3 undergoes oxygen inhibition [35] and hence
requires an oxygen free atmosphere during curing which increases the production costs of the parts.
However, overcoming size limitations could be achieved by harnessing oxygen inhibition. Illuminating
every layer for some seconds allows to cure the bulk of the material, while the surface remains inhibited
by the oxygen. While a new layer is added, the inhibited surface can react with the added material.
Finally, we are still far away from the astonishing complexity of natural materials since, for instance,
CNC particles can not be aligned out-of plane with our approaches, limiting the spatial control of the
particles' orientation into the printing plane.
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4.2 Photoresponse as a function for adaptable systems

4.2.1 Light for contactless stimulation

The advantages of using light as a triggering stimulus has been already proven in the last decades [36]—
[38]. Three main features of light emerges as particularly interesting: energy, temporal and spatial con-
trol, and tuneability of its physical properties. A mole of photons at 365 nm wavelength present 130
times more energy than k7 at 25 °C [39]. This allows reactions and processes with unfavorable energetic
barriers at room temperature, to overcome their activation energy and occur in rapid timescales. Initia-
tion of such processes is triggered on demand by switching on the light source used, and can be stopped
or reverted when switching off, thus conferring a temporal control over the process. With the current
technologies of light sources [40], such as flood lamps, LEDs, and lasers, precise spatial control over
the illuminated regions is granted. Commercial 3D printing technologies based on photopolymerization,
like SLA and DLP can already reliably reach resolutions of few tens of micrometers. Hence, it is possible
to decide when and where a phototriggered reaction or process is activated, which could lead to in-
creased complexity of the material responses. As an example, Palagi et al. [41] produced a nematically
aligned LCE with pendant azobenzene moieties that could swim mimicking the symplectic and antiplec-
tic metachrony of ciliate protozoa. The locomotion of an LCE thread was obtained by structuring the
light field, with a digital micromirror device, into a travelling wave pattern formed of transversal rec-
tangles moving along the thread main axis. Additionally, the nature of light, as an electromagnetic radi-
ation, allows its physical properties as wavelength or polarization to be adjusted to the required needs.
Materials can be engineered to react with a different motions or responses for each wavelength and
responses can occur contemporarily. Lahikainen et al. [42] demonstrated the occurrence of non-recip-
rocal photomechanical actuation in LCEs embedding two different azobenzenes reacting respectively to
365 and 550 nm of wavelength for the trans-cis isomerization with reversible cis-trans under visible
light illumination. The arrangement of the photoswitches and the spatiotemporal control over the illu-
mination sources resulted in different complex trajectories of the tip of rectangular films. The control
over the polarization's direction of the actuating wave also demonstrated to induce controlled movement
owning to the optical properties of azobenzenes. Polydomain LC azofilms produced by Yu et al. [43]
presented bending in the direction of the polarization since azobenzenes absorb light with polarization
parallel to the molecule, but not light with orthogonal polarization [44].

With such interesting features, light represents a stimulus with enormous design potential. Functions of
photoresponsive materials and devices are engineered intrinsically, by incorporating photoswitches into
the material structure, and extrinsically, by designing and structuring of the light's spatio-temporal and
physical properties. The three photoresponsive materials explored in this work represent mainly ap-
proaches of intrinsic design. The light used for the actuation, coming from an high pressure mercury
flood lamp and wide angle LEDs, were not spatially structured (outside the rudimentary use of the pho-
tomask for cin-CNC composites) nor polarized. Mainly the temporal control was exerted. Already, these
materials showed the concrete potential of 3D printed photoresponsive and adaptable devices composed
of single materials. The large design freedom of each material approach allows them to be suitable for
a large range of applications in which the occurrence of the photoresponses at room temperature, fast
and reliable actuation times, and reversibility of the responses are desired.
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4.2.2 Photoresponsive performances of 3D printed CNC nanocomposites

4.2.2.1 cin-CNC composites

Cellulose nanocrystals played the role of active reinforcement that allowed the 3D printing of devices
and contributed to the photoresponses and the mechanical performances of the printed devices. Looking
at the ability to photostiffen of cin-CNC composites, the active reinforcements tailor the mechanical
properties forming covalent bonds with the polymer matrix, enhancing the stress-transfer from the ma-
trix to the particles. The triggering time for such response to occur was studied up to 90 minutes and led
to a 3.4 times increase in the elastic modulus of the composites with 15 wt% of cin-CNC. The reported
times correspond to the kinetics of the cinnamate dimerization, reported also for other cinnamate based
polymers [45]-[47], while the stiffening observed is in agreement with 2D photostiffening CNC com-
posites reported by Biyani et al. [48], [49]. This work demonstrates that the 3D printing does not influ-
ence the photoresponsive behavior of the material, but it rather increases the design freedom of the
finished part. The cinnamate chemistry of cin-CNC is the limiting factor for the triggering time. Faster
photostiffening could be achieved and further improved with the use of different reactive groups, as
observed from benzophenone modified CNC that react in 2 min instead of 90 min [48]. Nonetheless,
cinnamate chemistry presents an advantaging potential with respect to benzophenones. Cinnamate cy-
cloaddition is a reversible reaction that has already been exploited for 2D materials for actuation of self-
healing [50] or for shape memory effect [51]. For our cin-CNC composites, the ability of crosslinking
demonstrates potential for self-healing. With intimate contact between two unstiffened fragmented com-
posites, it should be possible to actuate crosslinking at their interface, closing the crack. The current
state of the research on these materials did not allow to see these results yet. With respect to the shape
memory effect, despite the shape fixing ability could be demonstrated in Chapter 3.1 for our cin-CNC
composites, the reversible reaction was unsuccessfully tested in a follow-up study. Under UVC illumi-
nation (up to 6h) our cin-CNC composites did not show recovery from the fixed deformed shape. The
lack of response to UVC of our materials might arise from the combination of strong UVC absorption
of cinnamate groups and the UVC absorption of the PUA, which would localize the photoresponse to
the surface of the tested samples. However, according to the previous studies on cinnamate materials
[50], [51] our method of introducing cinnamate derivatives onto the CNC surface and into the polymer
matrix has the potential to produce 3D printable composites expressing both self-healing and shape
memory responses. The new materials might be obtained by applying our method to a matrix presenting
UVC transparency like silicone elastomers [52] and by investigating the concentration of cinnamate
moieties onto the CNC surface and into the matrix allowing such effects to arise. A combination of
shape memory and self-healing effects in a cin-CNC composite would be advantageous. The material
could be shaped in devices that are used in stretched fixed temporary shapes. When a crack is initiated,
the stored elastic energy could be released by UVC illumination, with the actuation of the shape memory
effect. The shape recovery from the stretched configuration would automatically result in crack closure.
Once the crack is closed the UVB illumination healing of the structure would happen allowing partial
recovery of the mechanical properties. Despite the downside that this new system would heal only once,
the combination of these effects would allow to increase the lifetime of the printed devices. Further
investigations in this direction are recommended. Materials produced with our 3D printing method have
the potential to be freely shaped into geometries and designs for efficient use of this shape-memory
assisted self-healing for customized structural applications.
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4.2.2.2 LCE/CNC composites

3D printing of LCE with CNC resulted in soft actuators with multiple responses to illumination: shape
changing and photosoftening. With respect to the printed materials performances, an increased amount
of CNC permitted to obtain faster responses upon illumination, most probably due to increased ink's
viscosity that allows enhanced alignment of the particles [2] and the LC mesogens [52]. Further optimi-
zation of the shape changing response was observed when the CNC were modified with methacrylated
groups. Faster responses and slightly bigger deformations arise due to several factors. The increase in
the dispersion quality of the CNC improves printing quality. The CNC's ability to create covalent bonds
with the LCE tailors the mechanical properties increasing both stiffness and strength. This leads to a
bigger storage of elastic energy during the deformation, which is released during recovery of the initial
shape. Two further factors that deserve deeper investigation might explain the observed improvement
in the photoactuation. First, the covalent bonding of methaCNC with the LCE network ensures strong
interfaces that enhance stress-transfer. Consequently, the LCE network might "pull" the particles during
its deformation, improving the local motion of methaCNC and amplifying the LCE phase transition
deformation [53], [54]. Second, the current LC phase might have been also modified by the different
surface chemistry of methacrylated CNC, resulting in a different order or phase of the LC mesogens.
These features bring a strong potential to tackle further the challenge of making renewable LCE and
further underline the need of understanding CNC — LC mesogen interactions.
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Figure 4.2-1 Comparison of actuation times of the different types of photomechanical LCE films. Data taken from [54]-[57],
[60]-[81].

Comparing the performances of our LCE/methaCNC composite with the existing examples of 3D
printed photoresponsive LCE is a complicated task since no standard is yet in place. The performances
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of LCE are always reported in literature for different light intensities, different test setups and illumina-
tion sources, and for different properties. The bending angles achieved so far in our LCE/CNC compo-
sites are relatively small when compared to existing 2D LCE thin films. This is due to the presence of
CNC and the thickness of the printed parts. Both factors contribute to decreasing the achievable defor-
mation amplitude. CNC adds higher Young's moduli to our composites and decrease the relative con-
centration of LC mesogens. Hence, our materials require higher energy to achieve the deformation while
they present a slightly smaller ability to generate such deformation. While, an increased thickness of
LCE results in lower percentages of activated volume, due to the strong light absorption of azobenzenes.
Current 3D printing of LCE approaches balance this last issue by printing LCE with main chain LC
mesogens [55], [56] since they demonstrated larger actuated movements than side chain LCE (our ma-
terials). In our case, we opted for a side chain LCE because they present smectic and splayed phases that
promote illumination orientation independent movements [57]. Another reason explaining a smaller
bending observed in our materials might emerge from the dispersion of azobenzenes into the printed
composites. Even though the doping process allows printing several layers of the materials in a single
step and promotes a faster actuation [58], it still presents the drawback of having azobenzenes not being
covalently attached to the polymer network nor to the particles. Azobenzenes that are not used as cross-
linkers do not have the ability to achieve network pull-effects, i.e. the transfer of the photomechanical
stress to the polymer network [54], [59]. Hence, the shrinking of dispersed azobenzene molecule during
the trans-cis photoisomerization is not directly exerted on the polymer backbone of the LCE and act
solely by creating disorder in the nematic LC phase, resulting in lower amplitudes of the bending.

Considering the actuation time of the different approaches applied for the formation of LCE with pho-
tomechanical ability, reported in literature so far, our materials lie in the faster actuation range (Figure
4.2-1). Deeper analysis of the photomechanical performances of the materials remains yet to be under-
taken and standardized. The mainstream potential of a 3D printed LCE lies in the possibility to 3D print
muscle-like prosthetics. As a consequence, a characterization of the work capability of our printed ma-
terials should be investigated as a function of the illumination power, as for instance carried out from
Ceamanos et al. [55]. This investigation would allow to establish process and design parameters for the
production of devices for real-world applications requiring force generation, such as muscle-like actua-
tors and soft robots.

4.2.2.3 CNC-DRI composites

CNC-DR1 were developed to confer photoresponsive features to polymer resins while allowing their
processing by 3D printing. The example in Chapter 3.3 demonstrated that this goal was achieved. CNC-
DR1 can confer to a polyurethane matrix a strong photosoftening (~50%) by harnessing the photother-
mal effect of DR1 and its increase in free volume during trans-cis photoisomerization. The actuation of
the softening by illumination occurred in timescales of seconds, in agreement with what was observed
for the LCE/CNC composites, and, as well, the response was completely reversible. As a secondary
response, the CNC-DR1 isomerization could trigger the shape memory effect of the polyurethane ma-
trix. This demonstrates the potential of CNC-DR1 to be used as photothermal reinforcing elements for
other thermoplastic shape memory materials, such as PLA or PCL, where CNC already demonstrated
the ability to improve by 20 % the shape fixity ratio [82]. This work demonstrates photosoftening effect
in an arbitrarily chosen polymer matrix. However, a superficial choice of the matrix limits the possible
responses to illumination that could be achieved with CNC-DR1. The engineering of a suitable matrix
could in fact result in carefully optimized and diversified responses. Already, the introduction of CNC-
DR1 in an LCE would allow both the 3D printing of composites with tailored mechanical properties and
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the actuation of the shape changing ability to blue or green light. Comparing with the work on LCE/CNC
composites in Chapter 3.2, the CNC-DR1 approach would allow to remove the azobenzene doping step
and to reduce the use of solvents in the whole production process of LCE/CNC composites. In addition,
covalently bonding DR1 to the CNC would avoid to have leaks of the dye, when the LCE is swollen in
solvents where DRI is soluble. This would render such composites more suitable for biomedical appli-
cations as implants and prosthetics. Another polymer matrix, could be engineered with oligomers bear-
ing cyclodextrins leading to CNC-DR 1 composites able to undergo gel-sol transitions upon illumination
[83]. Thereby, enhanced recyclability could be obtained.

Looking from a wider perspective, CNC-DR1 present a feature that might promote the use of these
active reinforcements to improve manufacturing of hierarchical materials with other 3D printing tech-
niques such as SLA and DLP using vat polymerization. DR1 is a known azobenzene that undergo pho-
toalignment and it is already used for LC alignment layers [44], [84], [85]. When linearly polarized light
reaches these azobenzenes, they undergo frans-cis-trans isomerization until reaching a perpendicular
alignment with the polarization direction, where they do not absorb light anymore. Owing to this prop-
erty, there is the possibility to control remotely the alignment of the modified CNC without the use of
shear. This would allow to obtain 3D printed high resolution parts with aligned particles without the use
of magnetic fields [86]. When CNC-DR1 are dispersed in low viscosity resins, the isomerization of DR1
could be harnessed to control the position of the CNC leading to density gradients. Abid et al. [87]
developed DR1 coated polymer nanoparticles that demonstrated controlled swimming from the light to
the dark. Despite that preliminary experiments on photoalignment of CNC-DR1 into HEMA were not
conclusive, the particles demonstrated the tendency to create density gradients when the light was fo-
cused on single locations (Figure 1.2-2).
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Figure 1.2-2 HEMA with 2 wt% CNC-DR1 samples illuminated with polarized light at 550 nm before UV curing. Focused
light on the samples led to the creation of rings with particles that are more concentrated as indicated by the darker colour.
All samples were polymerized with 10 minutes illumination with a 365 nm wavelength LED.

4.3 Limitations of 3D printed photoresponsive cellulose nanocomposites

The photoresponsive 3D printed cellulose nanocomposites developed in this thesis present a high degree
of freedom and versatility in their design for tailoring geometry, mechanical properties and the light
stimulated responses. However, these materials still suffer from some challenges related to their pho-
toresponsive behaviors in view of real world applications.

The illumination of the samples is not homogeneous and depends on the light source applied. Lasers
show a Gaussian distribution of power, while diffusing LEDs are not extraneous to power distribution
inhomogeneities [88]. Consequently, the in-plane activation of the photoresponses is locally dependent
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on the power distribution of the light source. With respect to out-of-plane light's power distribution,
light penetrates materials with exponential decrease of its intensity according to Beer-Lambert law [89].
This limits the maximum printable sizes of efficient devices. For a given illumination set-up, printed
materials with dimensions bigger than the actuated volume will not show an effective photoresponsive
actuation. The activated volume will be mainly concentrated at the surface of the materials. The cin-
CNC composites in Chapter 3.1 can overcome this limitation and be used to produce structures with
bulk photostiffened domains, if selective illumination is applied every layer and the layer height doesn't
surpass the effective light absorption volume, as shown by by Guzzi et al. [19]. But, the potential re-
versible reaction of cinnamate moieties would be highly limited at the surface of the final printed part,
due to the high absorption of light in the UVC region, occurring in polymer matrices. With the same
logic, the possibility to print LCE/CNC from Chapter 3.2 in devices with active parts composed of a
stack of several layers remains an open challenge. In particular, azobenzene derivatives show a strong
absorption coefficient which limits the light absorption to tens of microns [90], [91], originating hence
the deformation gradient that promotes the LCE bending. Further decreasing the diameter of the printing
nozzle could solve this issue and lead to complex deformations obtained by stacking layers with different
filament alignments. But, the overall size of the 3D printed parts would still be limited. Using CNC-
DRI to produce photoresponsive materials (Chapter 3.3) shares the same maximum printing size limi-
tations due to the strong absorption of DRI.

The wide availability of sunlight is an advantage of using light as a stimulus, since materials can be
engineered to use directly this energy in their operation. At the same time, sunlight present a wide spec-
trum of wavelengths and the presence of UV and blue to green light could result in unwanted stimulation
of our materials, depending on the application. The cin-CNC composites would photostiffen if not pro-
tected properly and the photopattern would disappear, leaving a single stiff domain. Instead, a structure
composed of CNC-DR1 would undergo unwanted softening during the day and stiffening during the
night. In fact, dark conditions are required to use these materials if the temporal control over the illumi-
nation is required. On the other hand, this constraint can be taken into account during the design of the
active device. For instance, as demonstrated by the LCE/CNC actuator in Chapter 3.2, an actuator can
be built to close an electric circuit either during the day or during the night. This allows limiting the
operation of the circuit during one of these time spans.

Production of photoresponsive materials with low elastic moduli (few tens of MPa) and high chain mo-
bility allowed demonstration of both their production and light activated performance. Despite that our
materials are suitable for soft robotic, gripping and sensing applications, structural applications require
hard and stiff smart materials. Solar panel structures, for instance could highly benefit from structural
materials that can support their weight and move in order to allow the solar cell to automatically follow
the sun. In particular, photoresponsive shape morphing of stiff and rigid materials is still a main chal-
lenge in the field, since increasing the Young modulus generally decreases the actuated deformation
[92].

4.4 Towards future devices and applications

The development of technologies and methods allowing 3D printing of photoresponsive smart devices
is still in its infancy and is mainly limited by the availability of printable stimuli responsive materials.
These new photoactive materials, developed during this research, represent further progress in the evo-
lution of the field. The introduction of CNC in the inks both allowed the DIW process and contributed
to the tailoring of the mechanical properties of the printed structures, as well as, to the performances of
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their photoresponses. As a result, our smart photoresponsive devices combine the geometric design free-
dom of additive manufacturing with light stimulated responses, showing a great potential for mechani-
cally customized structures, actuators, vibration and shock absorbing applications.

The versatility of the demonstrated DIW approaches represent an important strength of this thesis.
Highly customized shapes can be easily created with this additive manufacturing process and the control
over the hierarchy of the structure permits to adapt and customize a single material device, not only, for
a wide range of load cases and stimulation conditions, but also for a large palette of applications. Indeed,
the tuneable mechanical properties, fast response times coupled with a non-contact stimulation make
our cellulose composites very promising for room temperature applications in the soft robotics or bio-
medical fields for which high temperatures or contact stimulation can be harmful. The composites bear-
ing cin-CNC could be used as structures for protection of sensors or also impact protection in soft robots
or external prostheses. Spatial geometries and gradients of Young's modulus can be introduced varying
the light intensity or the illumination time of the photopatterning, thus, creating functionally graded
materials suitable for such applications [93]. As another example, our LCE/CNC composites have, as
well, the potential to be used in energy harvesting applications and micro transportation where first
concepts of light driven engines [94] and photo-induced locomotion [27] have already been proposed
with 2D LCE films. Shaping such devices with DIW would simplify the production process, removing
assembly steps that were previously required. Moreover, manufacturing of lightweight locomotive de-
vices or soft robots can be achieved without incorporation of gears, hinges and hydraulic systems, since
the material directly transforms the energy of light into motion.

The enormous freedom of device design, brought by the DIW, is not restrained to a single material.
Multi-material printing is also an advantageous possibility of this process that allows two main features:
introduction of particle density variations and production of multi-responsive devices. We observed for
each type of composites that there is a range of CNC concentrations allowing DIW of self-standing
structures. Thus, with a multi-material approach it is possible to integrate in the same part, inks with
different solid contents (within the printable range), and control locally the concentration of particles in
the final structure. This adds a further design parameter, for instance, for controlling and optimizing the
mechanical properties of cin-CNC printed composites on top of other functional gradients [93]. Inter-
estingly, it was observed in Chapter 3.2 that increasing the CNC content in the LCE promotes faster and
larger movements. Printing of an actuating layer with a determined pattern variation of particle content
is another way to control the actuated movements that should be explored. On the other hand, printing
of multi-responsive devices and structures can be achieved by integrating more than one of our photore-
sponsive materials in a single structure. Based on the same polyurethane acrylate matrix, cin-CNC and
CNC-DR1 composites present a strong chemical compatibility, ensuring also the covalent crosslinking
between the different materials during curing. This allows for single step multi-material printing of de-
vices with modular parts where the ability of photopatterning stiffened domains brings optimized tailor-
ing of the mechanical properties while photosoftening or shape memory regions act as active, adaptable
components. For instance, the main frame of the negative stiffness structures of Chapter 3.3 could be
printed with photopatterned cin-CNC composites, while the active double curvature beams are com-
posed of CNC-DR1 composites. The photoresponsive softening would hence influence the mechanical
behavior of the structure only during loading in one in-plane direction (transverse to the active prismatic
cell), while the stress in the other direction and the out-of-plane would be supported by the cin-CNC
composite. With the same principle applied by Mao et al. [95] for the creation of sequential self-folding
shape memory polymers, LCE/CNC could also be integrated in soft robotic cin-CNC/CNC-DR1 com-
posite multi-material structures as hinges allowing, at the same time, the bending of determined device
regions and the softening of others with the same illumination. With an attentive exploration of other
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existing stimuli responsive printable materials, our materials could also easily be integrated in devices
presenting multi-stimuli triggering multiple responses [96], [97].

The concepts and the manufacturing methods developed so far also provide strategies that can be applied
for the production of new enlightened smart materials presenting intricate photoresponses. A possible
development path might start from producing an ink with the introduction of cin-CNC and CNC-DR1
in an LCE matrix bearing also cinnamate groups. In this way, a 4D material could be printed similar to
the examples demonstrated by Lu et al. [56]. The material would then exploit the photostiffening of cin-
CNCl/cinnamate groups at 365 nm of wavelength to be deformed and fixed in a particular geometry in
order to store elastic energy into the system. Such energy could then increase the complexity of the
movements actuated by the CNC-DR1, or amplify the shape change amplitude or the stress development
upon illumination with light at 480 nm. Such adaptable behavior conferred by the photoresponses could
allow for inspiration from plants movements [98] for the creation of efficient grippers, sensors and ac-
tuators that are non-sensitive to water. Another development could be directed toward the creation of
fully renewable smart materials, by replacing the non renewable polyurethanes and silicones with other
bio-based polymer matrices such as epoxies and urethanes obtained from biomass [99], [100].

The hierarchical organization demonstrated in our works with the chemical gradients of cin-CNC, the
alignment of anisotropic CNC and organization of LC could be used to promote the understanding of
microstructure functions. By modeling and emulating biological microorganisms and plants, it would
be possible to study and deepen the understanding on the design of their structure, their organization, as
well as the related movements. Biological hierarchical materials such as stomatopod dactyl club [101],
[102] or spider fangs [103] could be analyzed numerically and the simulated results could be validated
by applying a combination of self-assembly and 3D printing for the production of devices with the
correspondent hierarchical features. This would allow to extract the main general design principles of
the materials and to apply these findings to engineer new materials and devices with outstanding adapt-
able properties.

In summary, the materials presented in this thesis and the developed strategies of manufacturing pro-
cesses contribute to the development of 3D printing technologies, and have the potential to further ex-
pand the printable material market [104], [105]. The freedom and versatility in the design of these ma-
terials is an asset brought by DIW that confers ease of manufacturing, fast prototyping and production
of devices and structures with custom and personalized geometries. These features reduce the amount
of time consuming assembly steps and the material waste, hence, decreasing manufacturing costs. The
large range of possible applications of our materials demonstrates the value of such approaches and will
motivate the spreading of our materials into the market. Moreover, by substituting and decreasing the
amount of synthetic polymers, originating from non-renewable sources, with the abundant cellulose
nanocrystals a first step toward sustainable development of photoresponsive smart materials was
achieved.
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S Outlook

The development of our 3D printed photoresponsive materials bears huge potential for biomedicine, soft
robotics, sensing and actuators as future applications. Despite the significant contribution of this study
going all the way from the development of the basic concepts to the fabrication of first demonstrators,
there are several possibilities to continue this exciting research. Here, three main research paths are
proposed as ways to continue and further improve the phenomena and processes discussed in this thesis.
These three research topics are:

1) Optimization of processes and chemistries toward fully renewable materials.

2) Investigation on CNC — LC mesogen arrangements and crystalline phases.

3) Technology transfer toward vat polymerization 3D printing techniques with aligned nanoparti-
cles.

Optimization of processes and chemistries toward fully renewable materials. In the current context,
moving toward increased renewability and sustainability to minimize the dependence on petroleum
based polymers represents an important goal. This work demonstrated the production of smart photore-
sponsive materials based on cellulose nanocrystals. As main challenge, the chemical procedures em-
ployed in this work still rely on the use of organic solvents as DMF and acetone. As an alternative,
Cyrene, a dipolar aprotic solvent presenting low toxicity, has emerged as a suitable candidate to replace
DMF and other dipolar solvents like DMSO [1]. Synthetized from cellulose, Cyrene is a renewable and
sustainable option that already demonstrated to be a suitable medium for carbon-carbon reactions, nu-
cleophilic substitutions, step growth polymerizations and synthesis of substituted amides and ureas [2].
The high miscibility of Cyrene in water could allow easy separation of reaction products and a subse-
quent recovery of the solvent by water distillation. The chemical reactions for the production of cin-
CNC and CNC-DR1 could be occurring in Cyrene, broadening the use of this green alternative. How-
ever, the incompatibility of Cyrene with strong oxidizing/reducing agents or acids and bases might be
limiting the esterification reaction of CNC. Careful investigation on the behavior of the two chemical
reactions in the presence of Cyrene is required. Moreover, in order to further improve the safety of the
processes, the use of pyridine for cin-CNC modification (Chapter 3.1), cyanuric chloride and collidine
for CNC-DR1 preparation (Chapter 3.3) could be revisited and substituted with safer chemicals. For
instance, L-tartaric acid has proven to act as an organocatalyst and it allows the esterification of bacterial
CNF with acetic and propionic acids [3]. Such a molecule shows potential to be used for the grafting of
cinnamic acid on CNC. Alternatively, the use of citric acid is well established for the modification of
cellulose [4]-[8] and can be achieved without the use of catalysts [8]. Despite having already tried using
citric acid as a linker for the azobenzene on CNC, citric acid remain a potential substitute to the previous
toxic linker (cyanuric chloride) and catalyst (collidine). In this case, the process should be optimized to
avoid the drying steps that resulted in the strong agglomeration of our reacted particles. There is hence
the potential to improve safety and environmental impact of both CNC modification reactions, devel-
oped during this thesis. Future works could investigate the above mentioned approaches and compare
them to previous procedures in order to establish the yields, advantages and drawbacks.

The growing research on bio-based polymers, particularly on polyurethanes [9]-[13] has increased the
possibilities of using polymer matrices derived from renewable resources. This offers renewable alter-
natives to substitute the synthetic matrices that were employed in this thesis. The recent work of
Khasraghi et al. [ 14] demonstrated a procedure to produce UV curable polyurethane acrylates from PCL-
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diol polyols, hexamethylene diisocynate and HEMA. The resulting polymers demonstrated efficient
thermal shape memory effects characterized by shape fixity ratios over 98 % and shape recovery ratios
over 99 %. With the advantage of being bio-based, biocompatible and biodegradable, such polyurethane
acrylate represents a suitable candidate to improve the renewability of our composites. Our active rein-
forcements particles (cin-CNC) would allow to combine photostiffening with the thermal response to
produce multiway shape memory composites [15]. On the other hand, the low transition temperatures
characteristic of this new materials (from 30 to 50 °C) would allow using CNC-DR1 as a photorespon-
sive trigger of the polymer's shape memory effect. Furthermore, the use of bio-based molecular liquid
crystals emerging from cellulose, such as hydroxypropyl cellulose monomers, or from DNA, spider silk
or polypeptides [16] also offer alternatives that might replace the polysiloxane side chain LC mesogens
utilized in Chapter 3.2 while maintaining the shape changing ability.

Investigation on CNC — LC mesogen arrangements and crystalline phases. With respect to increas-
ing the amount of renewable materials in shape changing CNC composites, fundamental understanding
of the relationships between CNC and LC mesogens remains the main challenge of our material. A
deeper investigation on the influence of dispersed CNC on the behavior and structural arrangements of
LC mesogens is of particular importance to demonstrate the potential of using such particles for both
hierarchical structuring and improvement of photoresponsive shape changing ability. Understanding the
relationships between these elements could pave the way for further amplifying the trans-cis-trans pho-
toisomerization of the azobenzenes. In photoresponsive materials, the order and the structure of the
environment of photoswicthing unit (azobenzenes) influences the macroscopic expression of the pho-
toresponse; the more ordered and structured is the environment, the more amplified is the photoisomer-
ization [17].

We attempted to characterize the organization of CNC and LC mesogens in our LCE/CNC composite
in static conditions, in dark, but only the order of CNC could be resolved. The actual nematic structure
of the LC mesogens, which promotes the light orientation independent bending, remains to be fully
determined. In addition, the spatial behavior of both LC and CNC nanodomains as a function of illumi-
nation time remains unknown. As a consequence, currently under investigation, LCE/CNC composites
produced by 3D printing will be analyzed with time-dependent high resolution X-ray spectroscopy at
the Paul Scherrer Institute (PSI). The planned experiments have two main goals: determination of both
the LC phase and the CNC orientation distribution, and kinetic observation of the printed structures
during light triggered experiments. It should be possible to obtain such information by mapping, as a
function of illumination time, the orientation's distribution of the LC and CNC over the composite fila-
ments' diameter, as well as, to discriminate the signal of both elements from high resolution SAXS scans.
Such experiments will help to understand the influence of CNC on the alignment and the structuring of
LC mesogens (during printing), and the influence of LC mesogen phase transition on the CNC orienta-
tion (during actuation). Studying the mobility and dynamics of the CNC rearrangement in the actuated
soft LCE could contribute to move toward smart materials containing higher amounts of CNC. Thus,
the biocompatibility and the renewability of the smart material could improve. Systems composed of
optimal CNC/LC ratio could be produced targeting the optimization of the photoactuated behaviors. The
results obtained from this X-ray analysis can be combined with 3D printing process parameters, such as
printing speed, nozzle size and printing temperature, to obtain a process window defining the guidelines
for the printing of LCE/CNC composites. In this way, the photoresponses of LCE/CNC composites can
be highly tuned, and suitable devices for specialized applications spanning from soft robots to biomed-
ical muscle-like prosthetics could be produced.

Technology transfer toward vat polymerization 3D printing techniques with aligned nanoparti-
cles. The field of 3D printing of CNC composites is in continuous development and not only limited to
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DIW technologies. Vat polymerization 3D printing technologies as SLA and DLP, reach higher resolu-
tion and allow for structuring more complex 3D shapes. These technologies can already benefit from
the reinforcing properties of CNC, when these particles are introduced in UV polymerizable inks.
Palaganas et al. [18] introduced up to 1.2 wt % of CNC into a PEGDA matrix for the production of
complex 3D geometries by SLA. The resulting material showed improved physicochemical and thermal
properties resulting in increased toughness and wettability. Similarly, by incorporating up to 5 wt% of
CNC into a matrix of PEGDA and 1,3-diglycerolate diacrylate, Li et al. [19] allowed DLP printing of
structures with enhanced elastic modulus. Focusing on renewability, functionalized all-cellulose based
hydrogels could be produced with DLP, by incorporating methacrylated CNC in acrylated carboxyme-
thyl cellulose. These examples underline the potential of using CNC in vat polymerization techniques.
When compared to DIW, SLA and DLP techniques do not allow yet to exploit the anisotropy of CNC
to spatially tailor the mechanical properties of the printed parts, since the CNC could not be aligned.
Furthermore, movements as responses to an external stimulus like light still have not been demonstrated.
As mentioned in the previous Chapter 4, CNC-DR1 have a sure potential to confer photoresponsive
behavior to the printed materials as well as to control density gradients of particles in low viscosity
resins. Additionally, owing to the capability of DRI to photoalign [20], it might be possible to control
either alignment of CNC-DRI1 (in the best case) or to use CNC-DRI1 to control the orientation of sur-
rounding LC mesogens. In order to achieve such a goal, a careful investigation focusing on the reaction
to linearly polarized light of both particles and possible LC mesogens as a function of DR1 degree of
substitution would be required. The possibilities of developing cellulose-based high resolution 3D
printed parts presenting controlled hierarchical structures and light stimulated responses would greatly
benefit biomedical applications. Thus, it is worth the effort to pursue the work of this thesis in this
direction.

Finally, it is important to note that the above-mentioned future research directions are a suggestion for
tackling the main challenges and interrogations of the presented work. However, the wide possibilities
brought on with the development of our materials, as the high design freedom and the fine-tuning of
mechanical and photoresponsive properties, pave the way to a large range of future applications of nano-
celluloses in the additive manufacturing field. Optimization of each single material developed during
this thesis, with respect to mechanical and photoresponsive behaviors and the 3D printing process, is
also an interesting pathway to further pursue the production of personalized devices for targeted real
case-applications. Indeed, research is a never ending journey.
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