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I1.

Summary

Controlling the material architecture at multiple length-scales is a key feature found in
all living organisms. In Nature, this multi-scale structuring of materials allows biological
systems to meet challenging requirements for specific functions such as mechanical
performance, protection, camouflage and mating purposes. The increasing demand for
functional materials and their impact on the environment drives the research toward
renewable solutions and resources. Among the renewable solutions, nanofibrillated
cellulose (NFCs) and cellulose nanocrystals (CNCs) gained particular interest for the
fabrication of nano-reinforced composites. This interest has risen from their renewable
character, biocompatibility, high potential for chemical functionalization and outstanding
mechanical properties that are competitive with synthetic fibers such as carbon, glass or
Kevlar. However, most of the above applications cannot fully benefit from the properties of
cellulose due to the difficulty to control the orientation of such nano-scaled building blocks
as well as its limited dispersability in certain polymer systems. Based on flow-induced
strategies, we explore in this thesis two processing techniques to obtain functional
hierarchical composites with controlled cellulose alignment: 3D printing and microfluidics.
These processing techniques allow to combine multiple materials and take advantage of
shear and extensional forces to structure the resulting composite at multiple length scales.
The use of these techniques for the processing of cellulose-based materials requires control
over the dispersion degree and the alignment dynamics of cellulose nanocrystals in highly
concentrated suspensions upon application of shear and extensional forces. We
systematically tackle these requirements in the three chapters presented in this thesis:

The first chapter presents an experimental study on the alignment dynamics of cellulose
nanocrystals in concentrated suspensions subjected to controlled shear flow. Taking
advantage of the birefringent optical properties of cellulose nanocrystals, in-situ polarized
light rheology is utilized to quantify the alignment dynamics of CNC particles during shearing
of the suspension. By measuring the opto-rheological response of a broad range of cellulose
concentrations in suspension, the time required for particle alignment at a given shear rate
is experimentally determined. Surprisingly, the time for alignment in such concentrated
suspensions can be partly described using established physical models for the alignment of
an isolated particle in a viscous medium. To bring this research closer to the flow conditions
experienced by CNC particles during 3D printing, the alignment process was also studied
using X-ray scattering techniques on a quartz capillary whose geometry resembles the steel
needles commonly used for direct ink writing. This collaborative work with Empa’s X-ray
center and PSI allowed us to better understand the combined contribution of extensional
and shear forces to the alignment of anisotropic particles during extrusion-based printing
processes. Remarkably, the results revealed that extensional forces dominate the alighment
process in the core of printed filaments, whereas shear forces enhance particle alignment at
the filament shell.
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In the second chapter, we present a novel strategy to 3D print complex-shaped
composites comprising a high volume fraction of cellulose nanocrystals using the Direct Ink
Writing method (DIW). This technique allows us to align cellulose nanocrystals and fibers by
taking advantage of the shear and elongation forces resulting from the extrusion process. On
the basis of the knowledge gained on the alignment dynamics study, processes parameters
such as needle diameter and length are carefully adapted to enhance alignment depending
on the ink properties. As the dispersion of non-modified nanocellulose in non-polar
polymers or organic solvent systems is challenging, we propose an alternative aqueous-
based printing route followed by a densification step in a poor organic solvent to generate
3D printed parts with unprecedented volume fraction levels of reinforcing elements.
Adjusting the interaction between the cellulose nanocrystals and the organic solvent
employed in the post-printing process allows us to obtain complex-shaped cellulose-based
scaffolds with volume fractions of reinforcing elements that could not be achieved using
conventional additive manufacturing techniques. Composites can be generated from these
scaffolds by plunging the printed structure in a bath of different solvent composition. By
adding a compatible monomer system in the solvent bath, the densified cellulose scaffolds
are infused and photocured after solvent evaporation. Using this approach, we fabricate 3D-
printed cellulose-based composites exhibiting up to 27 vol% of reinforcing elements with
remarkable complex geometries and mechanical performance.

In the third chapter, we exploit extensional flows developed in microfluidic devices to
control the alignment of cellulose nanocrystals within droplet templates and thus fabricate
anisotropic microparticles with birefringent optical properties. Adding superparamagnetic
nanoparticles to the droplet template makes these anisotropic microparticles also
magnetically-responsive. The combined magnetic and birefringent properties can be
exploited as rheological microprobe to quantify the viscosity of the medium around the
suspended microparticle. This is possible through the magneto-optic coupling achieved
when the microparticle is illuminated with polarized light while it rotates under a rotating
magnetic field of known frequency. The viscosity of the medium can be estimated from the
frequency at which the magneto-optic coupling effect is no longer observed.

Finally, the following chapters include the conclusions, outlook and the supplementary
information relevant to the main chapters of this thesis. With this thesis, we have been able
to better understand the alignment of cellulose nanocrystals and fibers under flow and
leverage this knowledge to produce composites with both defined mechanical and optical
properties. The 3D printing and microfluidic approaches proposed in this study are expected
to offer a robust and versatile platform for the processing of sustainable cellulose-based
composites for structural and optical applications.
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Résumeé

La cellulose est le biopolymer le plus abondant sur la terre. Extrait de plantes, d’arbres
ou produit par certaines bactéries, elle peut étre utilisée a différentes échelles, en tant que
fibre macroscopique, microfibrille ou nanocristaux, selon le procédé d’extraction utilisé. En
conséquence, la cellulose possede un large champ d’application allant de I’alimentaire,
biomédical, traitement d’eau usagé aux applications structurelles.

Les applications structurelles et le renforcement de composites fondent le pilier central
de cette these. Dans cette optique, les nanofibrilles de cellulose (NFCs) et les nanocristaux
de cellulose (CNCs) ont recu un intérét croissant en tant que renforcement pour la
production de composites dans de multiple secteurs comme le biomédical (production de
guide et d’implants pour la croissance d’os et de cartilage ou d’autres tissus organique),
I'emballage (renforcement de film polymeére) et I'optique (formation de structures
photoniques) pour ne citer que quelques exemples. Cet engouement est di a leur
biocompatibilité, leur facilité a étre modifié et fonctionnalisé chimiquement et a leurs
propriétés mécaniques, rivalisant avec les fibres synthétiques comme le carbone, le verre et
le Kevlar.

Toutefois, la plupart de ces applications ne peuvent pas profiter pleinement des
propriétés de la cellulose di a la difficulté de la dispersion dans certaines matrices
polymeéres ainsi que la difficulté a contréler I'orientation de ce nano-renforcement. Au fil des
années, une nouvelle technique a émergée, offrant la possibilité de produire des piéces
géométriguement complexes ainsi que de potentiellement contréler sa microstructure :
L'impression 3D. Un intérét croissant atour de la cellulose a mené a de nombreux projets de
recherches autour de l'impression 3D, qui, toutefois se retrouve confronté aux mémes
problémes énumérés préalablement : la compatibilité et le choix des polymeéres ainsi qu’une

compréhension claire de la microstructure du composite résultant du procédé.

Pour répondre a ces questions, le probléme a été décomposé en trois parties centrales :
La compréhension de la dynamique d’alignement de nano-cristaux de cellulose, le contréle
de I'alignement et de la densité de renforcement de pieces issues de I'impression 3D a base
de cellulose et finalement, L’extension de ces concepts d’alignement et de renforcement a
d’autres techniques.

La premiére partie consiste a comprendre la dynamique d’alignement de nano-cristaux
de cellulose. En prenant avantage des propriétés biréfringentes des nano-cristaux de
cellulose, des observations in-situ ont pu étre effectuées en couplant un systeme d’imagerie
a lumiere polarisée avec un rhéomeétre. Cette approche permet de corréler directement les
données acquises par le rhéometre avec les images obtenues de I'échantillon. En mesurant
une vaste gamme de concentration d’encres a base de cellulose, les résultats obtenus ont
permis |’élaboration d’'un diagramme de phase combinant temps et contrainte de

Vv
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cisaillement. En se référant a des modeéles physiques existant, des conclusions générales
applicables a I'alighement de particules colloidales ont pu en étre déduites.

Une approche plus quantitative a été conduite en se basant sur une analyse aux Rayons-
X. Ce travail collaboratif entre le centre de compétence Rayon-X de 'Empa et du PSI consiste
a analyser la dynamique d’alignement de cristaux de cellulose pendant leur extrusion dans
une aiguille d'imprimante 3D. En utilisant une capillaire en quartz transparente aux rayons-x,
I’effet des contraintes de cisaillement et les forces d’extensions ont pu étre mise en évidence
le long et au travers de la section de I'aiguille.

La seconde partie se focalise sur 'utilisation d’impression 3D comme outil pour produire
des composites dont les propriétés sont contrOlées de manieére précises grace au
renforcement de fibres et cristaux de cellulose. Etant donné que la cellulose se mélange
difficilement avec certains polymeres sans modification chimique préalable, une voie
alternative est proposée permettant de contrdler autant la densité de renforcement que le
choix de la matrice du composite. Cette approche se base sur I'utilisation de solvants a faible
affinité pour la cellulose, forcant la structure imprimée a se contracter lorsqu’elle est mise
en contact avec ce dernier. En controlant la composition du bain de coagulation et en
choisissant le systeme de polymére adapté, la piece peut étre densifiée, infiltrée et
photopolymérizée pour obtenir une structure complexe avec un large choix de propriété
mécanique.

La troisieme partie de la these consiste a applique les connaissances acquises autour de
I'alighement et de I'extrusion de nanocristaux. Une technique alternative est explorée pour
la production de composite avec architecture contrélée, la microfluidique. En prenant
avantage des forces élongationnels présentes dans ce systeme et en ajoutant des particules
répondant a la présence de champs magnétiques, un nouveau procédé est proposé pour
produire des microparticules anisotropies. Ces microparticules présentes une microstructure
texturée et peuvent étre orientées magnétiquement le long d’une direction spécifiée par un
champ magnétique.

Vi
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Chapter 1.

Introduction

1.1 Motivation and structure of thesis

The objective of this thesis is to explore the efficient use of nanocellulosic materials as
functional building blocks for mechanical and magneto-optical applications in the form of
complex-shaped bulk structures or responsive microscopic particles. In that direction, the
thesis aims to explore the benefits of hierarchically organized microstructures on the global
mechanical and optical properties of cellulose-based composites. The design of hierarchically
structured composites requires a deep understanding and control over the alighment of
cellulose nanocrystals (CNCs). To control nanocrystal alignment in bulk structures and in
microparticles, 3D printing via Direct Ink Writing and microfluidic emulsification are used as
enabling fabrication technologies. Understanding, controlling and exploiting the alignment
of cellulose nanocrystals in specific geometries and applications form the main pillars of the
thesis, as indicated in Figure 1.1.

The research begins with the rheological properties of suspensions of CNC particles
and how these properties impact the alignment of individually dispersed cellulose
nanocrystals (Figure 1.1a). After understanding the dynamics of cellulose nanocrystal
alignment, 3D printing is utilized to create complex 3-dimensional structures featuring
alignment control at the nano-, micro- and macro-scale (Figure 1.1b). Finally, a microfluidic
emulsification platform is explored to produce cellulose-based anisotropic particles with
nanoscale texture and unique magneto-optical properties (Figure 1.1c).

This thesis is divided in 7 chapters.

Chapter 1 is a general introduction into the topic of cellulose and hierarchically-
structured composites. It explores the raw material, its origins, properties and fields of
application, including different processing methods, their challenges and current limitations.

Chapter 2 sheds light on the dynamics of cellulose nanocrystals alignment in
concentrated suspensions under shear stresses. The alignment dynamics of such anisotropic
particles is studied using in-situ polarized light rheology at different shear stress conditions
and volume fraction of cellulose nanocrystals. The time required for particle alignment
under these conditions is directly correlated with the observed rupture of nematic domains
and the alignment of cellulose crystals. This understanding is of relevance for Direct Ink
Writing, which is an extrusion-based process that relies on material flow under shear
through a nozzle prior to deposition on a building plate (Figure 1.1a-al).



2 Introduction

Following up on the research results discussed in chapter 2, Chapter 3 addresses the
question of cellulose alignment under the actual extensional and shear flow conditions
experienced by the material as it is pushed through a nozzle during direct ink writing. In this
chapter, we employ X-ray techniques such as Small Angle X-ray Scattering (SAXS), 2D Wide
Angle X-ray Scattering (2DWAXS) and computer tomography small angle X-ray scattering
(cSAXs) to determine the microstructure and alignment degree of cellulose nanocrystals
within extruded filaments. This collaborative work between Empa’s X-ray research center
and Paul Scherrer Institute (PSI) focuses on understanding the alignment dynamics of
cellulose through the needle during the extrusion process. X-ray transparent quartz
capillaries are employed as model needles to spatially resolve the level of cellulose
alignment along the radius and the length of the extruded filament (Figure 1.1a-a2).

Chapter 4 will take a closer look at the manufacturing of strong and dense cellulose
reinforced composites using the Direct Ink Writing approach. In this chapter, we propose a
versatile method to control both the concentration of reinforcing particles and the type of
polymer used as matrix between the reinforcement. By combining 3D printing with
sequential solvent exchange and resin-infusion processes, complex-shaped bulk structures
with unprecedentedly high concentration of cellulose particles are achieved. Through this
approach we explore the fabrication of materials ranging from soft and elastic responsive
hydrogels to stiff and strong microstructured composites (Figure 1.1b).

The utilization of cellulose building blocks beyond mechanical applications is
demonstrated in chapter 5 by designing, synthesizing and characterizing cellulose-based
microparticles with unique magneto-optical functionalities. Anisotropic, cellulose-filled
microparticles exhibiting optical birefringence and magnetic response are produced from
droplets created in a microfluidic emulsification platform. Using magnetic fields as an
external trigger to control the orientation of the produced microparticles, we demonstrate
the possibility to remotely manipulate light polarization and to assess the rheological
properties of the fluid in which the particles are suspended. The microfluidic platform
provides an effective processing route for the fabrication of magnetically-responsive
cellulose-laden microrods with broad choice of aspect ratio and composition (Figure 1.1c).

Chapter 6 provides a general conclusion of the project while chapter 7 paves the way
for future work and discusses open questions to be potentially explored in follow-up studies.
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Figure 1.1 General organization of the thesis. Three main chapters are presented along with their subchapters. A)
Understanding the alignment of cellulose through two different approaches: al) utilizing in-situ polarized light rheology
where we track the dynamic response of cellulose gels under shear and a2) applying X-rays to enable in-situ monitoring
of the dynamic alignment of cellulose during extrusion. B) Production of complex-shaped composites with defined
architecture and mechanical properties. This is achieved by 3D printing water-based cellulose gels, followed by solvent
exchange and resin infusion steps to obtain composites with high cellulose content and enhanced mechanical properties.
C) Exploiting the optical properties of cellulose nanocrystals. Development of magnetically- and optically-responsive
microparticles. This is pursued by encapsulating and aligning cellulose nanocrystals, along with magnetic responsive
nanoparticles, to create functional anisotropic microparticles



4 Introduction

1.2 Cellulosic materials: their origin

With an annual biosphere production estimated around 7.5 million tons, cellulose is
the most abundant renewable biopolymer on earth.! Cellulose is a high molecular weight
homopolymer chain, composed of repeating glucose dimers (cellobiose, Figure 1.2). Tightly
packed and held together via hydrogen bonds and van der Waals forces, cellulose chains
form strong and stiff microfibrils. Also produced by bacteria, cellulose is the main
constituent of all plants, where these microfibrils assemble into macrofibers, bearing the
task of structural reinforcement. The macrofibers are strategically embedded in a matrix of
hemicellulose, lignin or pectin, assembled to form ligno-cellulosic fibers, with specific
orientations and packing densities depending on the local mechanical requirements.z’ 3

The properties of these fibers strongly depend on the source (plant, bacteria,
vegetables, algae) which in turn determines the chemical composition of the fiber. In fact,
the source producing cellulose will determine the internal strains of the resulting fibrils and
consequently the quality of their packing, resulting in the alternation of well-organized,
tightly packed bundles (crystalline) and less-organized (amorphous) domains with more and
less chemical stability, respectively.

OH o OH OH
HO e o HO o o
HO o OH
0 | HO ©lho
OH OH
OH OH Jp

Figure 1.2 Cellulose chain with repeating cellobiose element.

The rich variety of cellulose structures present in nature has inspired the
development of renewable materials with properties that arise from both their hierarchical
organization and chemical composition. The hierarchical organization found in wood, for
example, serves not only as a source of inspiration for material scientists but can also be
decomposed, following a top-down method, in smaller building blocks at different length
scales. The remarkable physical and chemical properties and biocompatibility of cellulose
makes it an attractive renewable building block in the search for sustainable bio-composite
applications.

This thesis focuses on two of these building blocks: cellulose nanocrystals (CNCs) and
nanofibrillated cellulose (NFC), both extracted from wood-based cellulose fibers. As opposed
to bacterial cellulose, readily produced as fiber from bacteria, cellulose fibers from wood are
extracted from wood pulp, a product resulting from the mechanical milling or chemical
cooking of wood chips and the chemical removal of undesired constituents such as lignin and
hemicelluloses. These fibrillated cellulose fibers (NFC) are typically tens of nanometers in
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diameter for a few micrometers in length and can be further reduced in size through
controlled time/temperature acid-catalyzed degradation of the amorphous domains using
sulfuric, phosphoric or hydrochloric acid. This results in needle-shaped crystallites with
diameters and lengths ranging between 3 and 50 nm, and 25 and 1000 nm, respectively. The
geometrical characteristics, such as dimensions and shape, of nanocellulose building blocks
depend on the nature of the cellulose source as well as the purity of starting materials, the
disintegration processes (grinding or homogenization) and the hydrolysis conditions (time,
temperature, ultrasound treatment).*”>

Figure 1.3 Hierarchical view of a tree and closer look into the micro and nano-scaled elements that form the structure of
wood. a) Hierarchical cut of a tree from the macro- down to the nano-scale [Artwork M.Harrington. Copyright University
of Canterbury, 19966]. b) Scanning electron microscopy (SEM) image of microfibrillated cellulose (scale bar 6 um). c)
Transmission electron microscopy (TEM) image of wood-based cellulose nanocrystals (scale bar 200 nm) (images from
Empa).

1.3 Mechanical and optical properties of nano-cellulose and its application
in composites

In the composite field, extensive work has been carried out with fibrillated cellulose

2 7 8 Most studies on

but less research was conducted on nanocrystalline cellulose.
nanocrystalline cellulose have focused on their optical properties, which will be discussed
later in this section. In addition to their compelling optical properties, both fibrillated and
nanocrystalline cellulose are also well-known as renewable natural resources with good
mechanical strength and elastic modulus. As for all bio-materials, the mechanical properties
depend on the origin or source they are extracted from. For wood-based cellulose
nanofibrils, the Young’s modulus was estimated to lie between 53 and 150 GPa (measured
or calculated from AFM), whereas the tensile strength ranges from 400 to 700 MPa.” 9, 10
Because of the alternating crystalline and amorphous segments along the fiber, the
mechanical properties of fibrillated cellulose are inferior compared to those of other highly
crystalline natural and synthetic fibers. Consequently, when extracting the defect-free
crystalline domains through chemical hydrolysis, the properties of the resulting cellulose

nanocrystals are greatly improved.
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Cellulose nanocrystals (CNCs) present remarkable mechanical properties with Young’s
modulus ranging from 105 to 220 GPa and tensile strength as high as 10 GPa. Combined with
a relatively low density (~1.58 g/cm3) and a large aspect ratio, these mechanical properties
make cellulose nanocrystals compete with other commonly-used synthetic reinforcing

2 11-14 . .
39 For comparison, the Young’s modulus and tensile strength of carbon

materials.
fibers lie in the ranges 100 — 1000 GPa and 2.5 — 3.5 GPa, respectively, whereas Kevlar fibers
show Young’s modulus and mechanical strength of 124-130 GPa and 3.5 GPa, respectively,
for a density of 1.4 g/cma. On the nanoscale, carbon nanotubes with diameters ranging from
1 to 100 nm and lengths of up to a few millimeters display mechanical strengths up to 63
GPa with densities as low as 1.3 g/cm>."®

To harness the remarkable mechanical properties of cellulose nanocrystals in
composites at the macroscopic scale, it is crucial to understand and control the way these
nanoscale building blocks are dispersed and aligned within a polymer matrix. The first
cellulose reinforced composite was produced in 1995 by Favier et al., by reinforcing a
styrene/acrylate-based polymer. The successful reinforcement resulted from the formation
of a continuous cellulose percolating network held by hydrogen bonding, which efficiently

transferred the applied stress between the matrix and the reinforcing elements.*

Multiple techniques were also explored to control the orientation of these anisotropic
building blocks and consequently the resulting mechanical properties. Composite materials

with textured architectures have been manufactured by self-organized templating

1719 solution casting,?® shear casting,? ? film drawing,®® electrospinning,®?°

30, 31 32-34

approaches,

melt extrusion or using strong electric or magnetic fields. While templating
approaches are entirely based on the self-assembling ability of CNCs, shear casting and film
drawing exploit shear to align individual cellulose crystals. Because of the high shear applied
during fabrication, these composites reach high degrees of alignment but are limited to thin
films. Alternatively, electrospinning and extrusion-based processes can be used to produce
membranes or fibers for several composite applications, despite the lower degrees of
alignment as compared to film casting. Finally, electric and magnetic fields enable alignment
of very diluted cellulose suspensions but require strong external fields. Therefore, the above-
mentioned techniques still fail to provide a processing route to textured 3D cellulose-based

composites as they are either limited to producing thin films or individual filaments.

In spite of the importance of mechanical properties in many applications, cellulose
nanocrystals offer other attractive features and functionalities. These include their
nanoscale dimensions, the anisotropic shape, the surface charges, the birefringent optical
properties and their ability to self-assemble into liquid crystals. In particular, the birefringent
behavior of CNCs finds promising functionalities in optical applications and allows for the
direct observation of the effect of external factors such as electrical/magnetic fields or shear
forces on the orientation of individual rods. Depending on the concentration, the self-
organization of cellulose nanocrystals leads to a variety of mesoscale structures ranging from
nematic to smectic to chiral nematic phases (Figure 1.4a-e). The organization of cellulose
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crystals in suspension results in defined colored patterns under visible light or between
polarized filters (Figure 1.4f, g). Therefore, the assembly of cellulose nanocrystals attracted

significant attention in the field of optics, where anti-reflective * and UV-protected 3 thin
37,38

film coatings have been prepared for security and display applications.

Figure 1.4 Liquid crystal ordering of liquid crystals. A) Nematic, no positional order but long-range directional order. B &
C) Smectic, positional order along a direction. D) Chiral nematic and E) Chiral smectic, long-range ordered structure with
finite angle twisting along the normal to the plane and positional ordering in a plane. F) Dispersion of cellulose
nanocrystals in suspension exhibiting chiral nematic phases. G) Dried film with typical chiral nematic fingerprint.a9

Because of the versatile properties of wood and in particular cellulose, an ever-
growing number of applications for these materials exist. At the macro-scale, bulk wood is
utilized for building applications or is modified to achieve specific functionalities such as

4042 At the micro- and nano-

magnetic responses, fire-retardancy or waste-water cleaning.
scales, cellulose fibers and nanocrystals have been used in the food industry, in water-
cleaning applications and have a promising future in the field of biomedical engineering as
wound-healing materials, tissue scaffolds, drug-delivery systems, biomedical implants or

| 43-53

composite applications in genera Despite this wide range of functionalities and

applications, organizing cellulose building blocks into hierarchical structures should open
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new opportunities to tailor material properties across scales and thus fully benefit from the
unique properties at the nanoscale in macroscopic objects and functional devices. The way
nature builds hierarchical materials has long been a source of inspiration for researchers
interested in tuning material properties through multiscale structural design. Therefore,
many researchers have worked on translating natural design principles to bioinspired
synthetic composites as a means to develop new materials with enhanced properties.

1.4 Biological and bioinspired composites with tailored hierarchical
structures

Nature offers a wide range of examples of hierarchically-organized functional materials
with sophisticated texture and properties. Spider silk, bone, wood and the chitin
exoskeletons of crustaceans, insects or fish scales are prominent examples of biological
hierarchical structures that reach remarkable properties using a relatively narrow range of
building blocks (Figure 1.5). As described above, the complex hierarchical structure of wood
is composed of only cellulose, lignin and hemicellulose as major building units. Despite the
scarcity of building blocks, the structure of such biological materials is organized from the
nano-scale up to the macro-scale to achieve mechanical and functional properties that
remain unmatched by synthetic composites with comparable chemical composition. The
design principle underlying these unique properties is the hierarchical organization of fiber-
like building blocks across multiple length scales. This is a common hallmark of various
biological materials. Starting with crystalline molecular building blocks dispersed in a matrix
at the nanoscale, these biological structures exhibit fibrils and micro-scaled fibers at
progressively larger length scales, which are eventually combined into complex geometries
at the macroscopic level. This hierarchical organization can be easily observed in the
multiscale architecture of bones, trees, crustaceans and spider silk (Figure 1.5). Despite
these similarities, local variations in chemical composition and disposition of these building
elements yields biological materials covering a broad spectrum of mechanical properties.
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Figure 1.5 Hierarchical organization of different materials found in nature, from macroscale down to nanoscale. (A)
spider silk with the hierarchical organization of silk fibroin into bundles, fibrils and macro-fibers. (B) Chitin structure, a
complex multiscale arrangement or proteins found in crustaceous exoskeletons. (C) Wood, a complex organization of
cellulose polymer chains into bundles and fibers. (D) Bone, a complex composite consisting of hydroxyapatite crystals
and collagen proteins. Image reproduced with permission from Acs.>
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The multi-scale organization and assembly of building blocks is utilized to tailor not
only the mechanical properties of biological composites but also other functionalities,
including their interaction with light and their ability to change shape in response to
environmental stimuli.>? (refs)

As far as light interactions are concerned, living species utilize nano- and micro-
structural architectures to produce so-called structural colors. Structure-derived colors play
an important role in camouflaging effects and for the mating of living animals in nature.**®
As opposed to artificial coloration, structural colors are obtained through the creation of
microscopic patterns of nano-scaled reflective or birefringent materials. Since the size of the
microscopic features is comparable to the wavelength of the incident light, the structure is
able to interact with and diffract the incoming light in a highly selective manner. Through
these selective interferences, only a certain range of the wavelengths is reflected or
transmitted often resulting in a visible coloration of the material. Because the length of the
light path through the structure changes with the refracting angles, the coloration we
observe often depends on the angle at which the object is observed. The wing of the
Morpho blue butterfly is a prominent example of a bright coloration created through light
interference effects (Figure 1.6a-d). In addition to interference, light scattering is also used
to generate bright color, as illustrated by the white scales of the Cyphochilus white beetle
(Figure 1.6e-h). Finally, living organisms also exploit the birefringent properties of natural
building blocks and structures to control light polarization and thus enable special optical

sensing functionalities.®* ®
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Figure 1.6 Examples of structural colors (Morpho butterfly) or color elimination (Cyphochilus white beetle) in nature. (a)
Morpho butterfly. (b) SEM image of the scales of the butterfly wing. (c) Schematics of the ridge structure of one
individual scale. (d) Cross-sectional cut of an individual scale along the red line shown in the schematic drawing (c). (e)
Cyphochilus white beetle. (f) Microscopy image of the scales of the beetle (scale bar: 400 um). (g) SEM image of an
individual scale (scale bar: 25 um). (h) Internal microstructure of an individual scale (2 um). All images were adapted with
permission from SPIE and Whiley (Adv. Opt. Mat.).sz’ &7
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The possibility to tailor mechanical properties through structural design rather than
the choice of specific chemistries makes the design principles of biological materials
attractive tools for the fabrication of sustainable materials and devices. Following this bio-
inspired approach, one can envision the use of a few abundant building blocks to develop
materials with a broad range of functional properties, depending on the design of the
hierarchical structure. >*

To pave the way towards such biologically-inspired composites, multiple techniques
and materials have been explored, leading to hierarchical structures with promising
mechanical or optical properties. Because of their unique mechanical properties, the nacre
layer of mollusk shells or the hammer-like appendage of the mantis shrimp became famous
models for materials with impressive fracture toughness and crack deflection ability. These
structures have been replicated synthetically using building blocks such as clay or alumina
platelets. To re-create the “brick-and-mortar” structure of nacre, molecular interactions or

69, 70

magnetic fields have been utilized. In addition to fracture-resistant structures,

bioinspired materials with shape-memory properties or programmable morphing capabilities

"3 The hierarchical structures of

have been recently obtained using 3D printing techniques.
some of these materials have been created by combining 3D printing techniques with
magnetic fields or ultrasound waves as external stimuli to guide the assembly of building

74, 75

blocks at multiple length-scales. Similarly, complex emulsions have been used as

feedstock ink in an extrusion-based 3D printer to fabricate light yet strong composite

materials with hierarchical porous structure.”® ”’

In another approach, living bacteria were
combined with extrusion-based 3D printing to produce scaffolds and structures with
metabolic functionalities provided by the entrapped living organisms. "#®° However, bio-

inspired approaches have not yet been fully explored using stainable resources.

Despite recent progresses in the development of bio-inspired hierarchical composites,
the variety of bio-sourced and renewable building materials used in these materials is
relatively limited and the potential of this approach in producing sustainable bulk structures
remains largely unexploited. Among the possible bio-based building blocks, cellulose is an
interesting candidate for composite applications due to its competitive mechanical
properties and birefringent optical properties. To exploit its full potential, it is crucial to
develop processing routes to control the alignment of individual cellulose crystals or fibers
and create complex-shaped structures that meet the mechanical properties required in
specific applications.
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1.5 Cellulose-based structures with complex bulk geometries

Control over the orientation of reinforcing building blocks is indeed essential to
enhance the mechanical properties of composites containing cellulose fibers and crystals. As
mentioned in the previous chapter, various approaches were explored to control the
orientation of cellulose-based materials but current methods are often limited to thin
materials or lack freedom in geometry.

Among the possible processing techniques that provide geometrical freedom, 3D
printing via Direct Ink Writing (DIW) is particularly interesting because it can also be used to
exert shear forces to align cellulose building blocks during the fabrication process. Direct Ink
Writing is an extrusion-based process in which a paste-like material (or gel) is extruded to
generate complex-shaped 3D objects in a layer-by-layer approach. The key requirements to
develop feedstock materials for DIW are twofold. First, the rheological behavior of the
paste/ink needs to be controlled to ensure low viscosity and sufficiently high yield stress.
Second, the ink must be solidified through, for example, drying or UV/thermal treatment to

74 81,82 The viscosity and yield stress of the ink impact

generate mechanically-stable objects.
the printing behavior and shape fidelity of the printed part prior and after drying. These

rheological properties can be easily adjusted by adding fillers to the ink.

Cellulose was processed with various other 3D printing techniques, such as
Stereolithography (SLA), binder jetting and Inkjet Printing and Direct Ink Writing (DIW).2*®
Because of the gel-like behavior of aqueous suspensions containing a minimum percolating
concentration of cellulose particles, direct ink writing revealed to be the most suitable
technique for the 3D printing of cellulose-based materials. Indeed, the percolating network
created by cellulose particles in water gives rise to the vyield stress and shear-thinning
behaviors necessary for direct ink writing. Initially, research was focused on gels containing
2-4 wt % nanofibrillated cellulose (NFC) ** 3%

nanocrystals (CNCs) has only recently been reported *® and further explore

, Whereas the 3D printing of cellulose
d 97-100

Three different routes have been used to print cellulose via DIW, depending on the
protocol used to consolidate the printed object. The starting material is often a water-based
gel containing either NFCs or CNCs at concentrations of 2-4 wt % or 20 wt %, respectively.
After printing, the part is freeze-dried, super-critically dried or simply left as gel. These
approaches result in three distinct types of materials: cryogels, aerogels or hydrogels,

88-95, 98, 101 Cryogels and aerogels can be directly exploited as porous structures

respectively.
in different applications, whereas hydrogels need further consolidation to reach sufficient
mechanical stability for handling. Cross-linking of printed cellulose hydrogels using ionic or
covalent interactions is a common consolidation approach. lonic bonds are obtained by
adding alginate and sometimes gelatin to the cellulose aqueous paste followed by immersing

89, 95, 102104 Bth alginate and gelatin are known for

of the part in calcium chloride (CaCly).
their bio-compatible properties but the low viscosity of aqueous solutions of these materials

did not allow them to be processed into stable three-dimensional structures without the
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addition of cellulose.'®® Covalent cross-linking was explored as a means to consolidate
cellulose-based composites containing different polymers/monomers but very little work

was translated to 3D printing. *” 105, 106

Cellulose-based materials in the form of porous
structures (aerogel and cryogel) or hydrogels find promising applications in the biomedical
field, as scaffolds for bone and cartilage regeneration as well as skin replacements. °’ In fact,
CNCs and cellulose-based 3D structures have shown to promote and support the growth of

various cell types.>> 10710

The promising prospects of cellulose-based materials can only be realized if the
processing difficulties associated with cellulose, its inherent hydrophilicity and its relatively
low thermal stability are properly addressed. Because of its hydrophilic nature and thermal
degradation at mild temperatures, it is difficult to disperse cellulose in solvents different
from water, in polar polymer systems and in polymers with high melting point. Furthermore,
the small part sizes and commercial limitations faced by super-critical drying as well as the
dramatic microstructural change induced by freeze-drying represent major drawbacks of the
processes currently used to produce cryo- and aerogels. Consequently, the above
approaches are not suitable to create cellulose-based composites that can be used in
structural applications.

To tackle these challenges, preliminary research was conducted in our group to
develop a strategy to disperse CNCs in a monomer/oligomer solution that displays the
rheological properties needed for DIW while also being UV curable after the printing
process. This is possible by dispersing CNCs in water/ethanol or water/isopropanol mixtures
containing monomers and oligomers that are partially soluble in water. Through this
approach we could show the potential of 3D printing cellulose-based composite materials
using the DIW technique. °® Nevertheless, this process required intensive mixing steps and
the very high viscosity of the inks negatively impacted their printability. Furthermore, the
difficulty to disperse the cellulose in the polymer aqueous solutions limited the maximal
cellulose content to 10 wt %. Chemical modification of the cellulose crystals and fibers was
required to reach a solid content of 20 wt %, which is still significantly lower than that
achieved with other types of fillers. Additionally, the use of viscous polymers hinders the
processability of the ink and prevents full alignment of the cellulose crystals in the resulting
composite.

This thesis aims to tackle current limitations in 3D printing of dense cellulose-
reinforced composite materials by proposing a simple and versatile approach that broadens
the range of possible polymer matrices, enables control over the alignment of CNCs and
further increases the maximum cellulose concentration in complex-shaped printed
composites. The alignment of CNCs is a particularly interesting feature because it not only
enhances the mechanical properties of printed composites along the aligned direction but it
also introduces birefringent behavior in the resulting material. In this thesis, the shear-
induced alignment of CNCs is exploited to reinforce bulk composites in specific orientations
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or to create microparticles with special magneto-optical properties arising from the
birefringent nature of their constituent cellulose nanocrystals.

1.6 Functional cellulose-based microparticles and microcapsules

Cellulose has attracted a lot of attention in the field of structural colors because of its
liquid-crystal like behavior. Various factors such as cellulose aspect ratio, temperature, the
addition of salt, polymers or the sonication time have been investigated to influence the
pitch of the chiral nematic helicoidal organization and the resulting coloration of the dried

cellulose film. 3 11011

However, because of the birefringent nature of cellulose, these
colorations are mostly observed between cross-polarized filters while they appear
transparent or, depending on the viewing angle, iridescent in some cases.>’ By taking
advantage of the self-assembling properties of cellulose, structural colors could also be
obtained by producing sacrificial cellulose templates for various metallic nanoparticles.'*®
Nevertheless, self-assembling of cellulose lacks control over directionality and therefore
limits this approach. To overcome this limitation, the use of magnetic or electric fields and

. . 115, 117, 11
shear were investigated.®> 1% 117, 118

Despite the high degree of alignment or the control of
the resulting nematic pitch, these techniques also are limited to thin films when solution
casted or very diluted systems to meet the required rheological properties of the particles to
rotate. Therefore, interest lies in the possibilities to either confine the self-assembling of

cellulose or to control their alignment in three dimensional structures.

In addition to complex-shaped bulk structures made by 3D printing, cellulose-based
materials in the form of microparticles and microcapsules have also been explored as a
means to generate attractive functional properties. In one example, hydrogel beads loaded
with cellulose nanocrystals were produced from droplet templates made in microfluidic
devices.'™ Interestingly, cellulose nanocrystals were observed to reorganize into a spherical

configuration when confined inside droplets.120

An attractive feature of this production
method is the strong elongation and shear forces involved in the emulsification process.
These forces were shown to be sufficient to align fibers and particles along the flow
direction.™! Additionally, microfluidic emulsification is a very versatile technique in terms of
material composition, enabling the reproducible preparation of monodisperse individual

micro-beads with tunable composition.

Microfluidic emulsification is typically achieved by extruding small quantities of fluids

12 These channels are

through narrow channels to create micrometer-scaled droplets.
produced through photolithography or chemical etching using silicon, glass or
poly(dimethylsiloxane) (PDMS) substrates. During the emulsification process, the different
channels are filled with the liquid forming the droplet (inner-phase) and the immiscible
surrounding medium (outer phase). As the inner phase is forced into the continuous
medium, droplets are generated either by jetting or dripping mechanisms. Droplet pinch-off

through either one of these mechanisms is possible using flow-focusing or step-
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emulsification devices. Although the throughput of these systems is relatively low, great
potential for upscaling has recently been demonstrated.'?

The microparticles and microcapsules made by emulsification techniques have
promising applications in the bio-medical and pharmaceutical fields for targeted drug

delivery.'**

Beyond biomedical applications, microparticles and microcapsules of tailored
compositions also allow for the integration of novel functions and properties when added to
a macroscale composite. This has led, for example, to self-healing composites *** and anti-
fouling coatings. *2° Depending on the application, these capsules can have a wide range of

127 Because of the

chemical compositions and structural complexity (single or double shells).
nature of the process, the geometry of particles and capsules generated from droplet
templates is often limited to a spherical shape. Overcoming this limitation could lead to
anisotropic microparticles that may find interesting applications as self-assembling large-

area photonic crystals and optical devices.*’*?°

Various approaches have been explored to produce anisotropic microparticles,

130, 131

resulting in complex multiphase systems with a broad variety of shapes. However,

most of these approaches are based on chemical phase separation and reactions, limiting

the processes to certain polymer combinations only.”** ***

Exploiting shear and extensional
forces exerted in microfluidic channels is an interesting potential route to generate
anisotropic microparticles that are less dependent on the chemistry of the constituent
phases. If cellulose nano crystals are present in the droplet template, these forces are also
expected to induce alignment of the particles inside the deformed droplet. The resulting
anisotropic microparticles would therefore exhibit a textured architecture with cellulose
nanocrystals aligned along the deformation direction. Because of the birefringent properties
of the cellulose nanocrystals, these anisotropic microparticles could potentially be used in

applications that require optical sensing or light modulation.
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2.1 Abstract

The alignment of anisotropic particles during ink deposition directly affects the
microstructure and properties of materials manufactured by extrusion-based 3D printing.
Although particle alignment in diluted suspensions is well described by analytical and
numerical models, the dynamics of particle orientation in the highly concentrated inks
typically used for printing via direct ink writing (DIW) remains poorly understood. Using
cellulose nanocrystals (CNCs) as model building blocks of increasing technological relevance,
we study the dynamics of particle alignment under the shear stresses applied to
concentrated inks during DIW. With the help of in-situ polarization rheology, we find that the
time period needed for particle alignment scales inversely with the applied shear rate and
directly with the particle concentration. Such dependences can be quantitatively described
by a simple scaling relation and qualitatively interpreted in terms of steric and hydrodynamic
interactions between particles at high shear rates and particle concentrations. Our
understanding of the alignment dynamics is then utilized to estimate the effect of shear
stresses on the orientation of particles during the printing process. Finally, proof-of-concept
experiments show that the combination of shear and extensional flow in 3D printing nozzles
of different geometries provides an effective means to tune the orientation of CNCs from
fully aligned to core-shell architectures. These findings offer powerful quantitative guidelines
for the digital manufacturing of composite materials with programmed particle orientations
and properties.
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2.2 Introduction

Three-dimensional (3D) printing is an enticing manufacturing technology because it
enables the fabrication of materials with intricate macroscopic shapes and controlled
microstructures and properties.”® An effective way to locally control the structure and
functionalities of composite materials is to align anisotropic particles in deliberate
orientations to reach site-specific properties. Controlled particle orientation during 3D

7-10 9, 11-13
or

printing has been achieved using for example magnetic fields, shear stresses,
acoustic waves' in extrusion-based and stereolithographic processes. Among the
anisotropic particles used thus far in 3D-printed composites, cellulose is of particular
relevance, as it is a sustainable resource that combines biocompatibility with interesting

13, 15-24

mechanical and optical properties. Cellulose can be found as anisotropic reinforcing

material in th e form of small, stiff nanocrystals (CNCs) or long and flexible fibrils (CNFs).

The alignment of CNCs and other anisotropic particles during 3D printing holds
enormous potential since it allows one to mimic the design principles underlying the
exquisite multiscale architectures of biological materials such as wood, plant stems, bone,
and mollusk shells.? Alignment of such particles by shear stresses is a particularly interesting
approach because shear-inducing flow is intrinsically present in extrusion-based 3D printing
processes.” 2 113,25 \While it is well known that anisotropic particles align during extrusion,
only a few studies have attempted to quantify the degree and dynamics of alignment in

particle-filled inks.” ' 3

Prior to alignment, anisotropic particles tend to form percolating
networks that give rise to a finite yield stress, below which the ink does not flow. Particle
alighnment above the yield stress results in a strong shear-thinning response of the ink and

thus a pronounced parabolic velocity flow profile within the nozzle 6%

Understanding the
dynamics of particle alignment and the flow behavior of the resulting non-Newtonian fluids
is therefore required to design inks, nozzles, and extrusion conditions to 3D print composites

with programmed local structures and properties.

The alignment dynamics determine whether anisotropic particles will be oriented by
the flow within the residence time in the nozzle. Particle alighnment can be induced by both
shear and extensional flow.” For the well-studied case of pure shear flow, particles move
3031 The time period (t) that an

anisotropic particle needs to undergo a full rotation within a Jeffery orbital scales with the
32-34

following orbital trajectories, known as Jeffery orbitals.
inverse of the applied shear rate (y): t~1/y. When suspended in non-Newtonian fluids,
particles show Jeffery orbitals that drift over time until an equilibrium orientation is

reached.?® 3!

Because they do not take into account steric, hydrodynamic, and contact
interactions between particles, such theoretical analyses are usually not sufficient to
describe the alignment of anisotropic particles at high volume fractions. Recent work has
shown that contact interactions play a key role in the microstructures and properties of
highly concentrated suspensions of short fiber bundles used for composite fabrication.* ®

Experimental validation of these models requires the use of analytical tools that can follow
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particle orientation during flow. Several experimental methods have been employed for that
purpose, including rheology, neutron and X-ray scattering techniques, and optical
microscopy.37'45

Another attractive tool for the experimental study of the flow-induced alignment of
optically anisotropic materials is the polarized light imaging technique. In this approach,
particle orientation is tracked during flow by color changes resulting from the varying angle
between the particle axis and the orientation of the polarizer/analyzer. Polarized light
imaging has been extensively used to investigate the effect of flow on the structure of liquid

33, 4650 The (ifferent nematic, smectic, and cholesteric

crystal polymers under shear flow.
phases that result from the self-assembly of liquid crystals were found to be directly affected
by flow. When subjected to shear flow, for example, such phases transform into stripes with
herringbone patterns, whose thickness decreases with the applied shear.” Such flow-

induced textures further expand the rich phase behavior of such self-assembling systems.

While theoretical models have been put forward to describe the flow-induced
orientation in particle suspensions and studies on liquid crystal polymers have provided
important insights into the phase behavior of self-assembling systems under flow,
experimental investigations on the dynamics of alignment of self-assembling anisotropic
particles in highly concentrated suspensions of relevance for 3D printing remain scarce.” **
The self-assembly of Brownian anisotropic particles in concentrated printable inks promotes
the formation of liquid crystalline phases prior to the extrusion process. Liquid crystalline
nematic domains, for example, form at concentrations as low as 0.5 wt % if the aspect ratio
of the anisotropic particles is higher than 100. For CNCs with an aspect ratio of 20, this
critical concentration increases to 3 wt %.>>°! In the absence of flow, particles are locally
aligned within the liquid crystal domains but the different orientation of individual domains
leads to a global random distribution of particle orientations. Understanding how these
domains reorganize under flow and determine the microstructure during extrusion is crucial
for the design of inks and for establishing manufacturing conditions suitable for the 3D
printing of composites loaded with anisotropic particles.

Here, we use shear-induced polarized light imaging to study the alignment dynamics of
cellulose nanocrystals under shear flow in suspensions with high volume fractions of
particles. Because of the high volume fractions in the range from 10 to 40 wt %, the
investigated CNC inks show a well-defined yield stress and a strong shear thinning behavior.
First, we evaluate the effect of the yield stress on the alignment of CNCs under increasing
shear deformation. This is followed by steady-state rheological experiments, in which we
quantify the degree of alignment over time for suspensions of different CNC volume
fractions subjected to varying shear rates. This dependence on shear rates is then utilized to
estimate the level of alignment during extrusion if only shear forces are considered.
Comparison of these estimates with experiments in model capillaries allows us to propose
guidelines for the design of inks and extrusion geometries according to the level of
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alignment targeted in the final 3D-printed composites. This fundamental understanding
sheds light into the possible range of microstructures achievable by direct ink writing of inks
containing high concentrations of anisotropic CNC particles, which we introduced in a
previous publication.™

2.3 Results and discussion

The dynamics of the orientation of anisotropic particles under shear flow depends to
the shear rate imposed to the suspending fluid. In 3D printing by direct ink writing (DIW), the
fluid is deposited on a substrate in a spatially controlled manner through the application of
an external pressure along the nozzle. Because of wall friction, the shear stresses [1] arising
from the applied pressure are maximal at the nozzle wall and decrease linearly toward the
center of the nozzle (Scheme 2.1). The rheological properties of the ink determine the
characteristic velocity and shear rate profiles that will result from these imposed stresses.
Therefore, understanding particle alignment dynamics during the 3D printing process
requires a quantitative analysis of the rheological behavior of the ink and of the response of
the anisotropic particles to the applied shear rate. For stress-sensitive anisotropic inks, such
as cellulose nanocrystal gels, the alignment of particles itself changes the rheological
properties of the fluid. This leads to a complex interplay between the ink rheological
behavior, the orientation dynamics of particles, and the local shear rates applied through the
nozzle. To understand this interdependency, we simplify the problem by studying first the

effect of a fixed shear rate profile on the alignment dynamics of cellulose nanocrystals.

Shear stress (1) [P lt Shear rate (y)

3D Printing of cellulose nanocrystal inks In-situ polarization rheology

Scheme 2.1. Alignment of cellulose nanocrystal particles during shearing in a direct ink writing process (left) and in an in-
situ polarization rheological setup (right). Left: Schematic of a 3D printing process with (al) randomly organized cellulose
nanocrystals in the cartridge, (b1) shear-induced alignment during extrusion through the nozzle and (c1) the final
oriented extruded segment. During extrusion, the CNC is aligned due to a velocity profile that arises from the shear stress
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imposed on the suspension (TEM image with scale bar 100 nm). Right: Alignment of CNCs under shearing conditions
visualized through in-situ polarization rheology using a parallel plate geometry. The polarized light imaging system is
integrated in the rheometer setup to enable investigation of the effect of shear rate and time on the CNC orientation
process (a2, b2, and c2).47

Particle alignment dynamics at controlled shear rates is investigated using in-situ
polarization rheology. In this technique, the time-dependent alignment of cellulose
nanocrystals can be quantified by optical imaging the suspension while it is subjected to a
well-controlled shear rate in a rheometer (Scheme 2.1). Because cellulose nanocrystals are
optically anisotropic, they display different colors depending on their orientation, when
observed between two cross-polarized filters. The observed color depends on the
orientation and spacing between the individual crystals. As an example, particles exhibiting
circumferential orientation around a central axis lead to a characteristic Maltese cross under
cross-polarizers (Scheme 2.1, c¢;). The dark and colored areas in this characteristic image
emerge from either complete or partial light extinction as it passes through the two
polarizers, respectively (Appendix Section A4).*"®2

The alignment of the nanosized cellulose crystals under pure shear flow was
measured in-situ using suspensions with varying particle concentrations in a parallel plate
geometry. As opposed to the linear increase in shear stress along the radius of the printer’s
nozzle, rotation of the upper plate leads to a linear increase in shear rate from the center to
the rim of the discs. Our experiments show that the lyotropic, needle-shaped cellulose
crystals transiently orient from the rim toward the center of the disc in response to the
linear gradient in shear rate. This is reflected by the gradual transition in colors (Scheme 2.1,
a; to cy) between the center and the rim of the disc as well as the broadening of the
extinction or transmission areas. Note that the camera used to record this transient
alignment was placed slightly off-centered to obtain a full view of the side and the middle of
the shearing plane. Using this technique, it is possible to track the evolution of alighment
quality in CNC suspensions as a function of time for well-defined shear deformations or
shear rates.

Our analysis of the alignment of CNC particles using in-situ polarization rheology was
first carried out by applying a constantly increasing shear deformation or shear stress to
suspensions containing volume fractions between 10 and 40 wt% of particles. These
concentrations lie above the threshold volume fraction beyond which the particles form a
space-filling percolating network (Appendix A5). As a result, all the suspensions investigated
in this study form a gel with a well-defined yield stress.®® Because of the high volume
fraction used, the CNC particles are also expected to self-assemble into chiral nematic

37, 61, 6466 The formation of nematic domains was

domains throughout the suspension.
experimentally confirmed for suspensions containing more than 10 wt% CNCs (Figure A. 2

and Figure A. 6)

Flow-induced alignment of the particles is therefore only possible if the applied stress
surpasses the yield stress of the suspension. Indeed, our measurements show that the shear
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stresses at which the initial color pattern starts to change in the cross-polarized images are
in good agreement with the yield stress of the gel detected through the inflection point in
the rheological flow curve. Because the shear stress scales with the shear deformation at low
rotational displacements, the shear stress applied in these measurements increases linearly
from the center to the rim of the disc. The nominal shear stresses reported here correspond
to the stress applied at the plate’s rim. Taking a suspension with 20 wt% CNC as an example,
no preferential orientation of particles is observed under cross-polarized light when the
shear stress applied at the rim is lower than the yield stress of the gel (Figure 2.1a, 1). But if
the nominal yield stress value of 200 Pa is reached at the rim, the gel starts to flow and CNC
orientation is observed at this outer region of the plate (ll). The fraction of aligned CNCs
increases as the local shear stress progressively increases (llI-1V). Eventually, higher stress
levels result in CNC alignment along the rotation direction throughout the whole probed
volume (V).

The yield stress of the CNC suspensions was found to increase significantly from 30 to
4220 Pa as the concentration of particles increased from 10 to 40 wt % (Figure 2.1b). This

dependence can be described by the simple power law: T, = k¢”, where 7, is the yield stress

of the gel, ¢ is the volume fraction of particles, k is a constant that depends on the
interparticle interactions and particle size, and p is an exponent that depends on the
microstructure of the particle network. The exponent p = 3 obtained by fitting the measured
data with the power law function lies within the range 1.4 — 5.0 typically found in the

literature (Figure 2.1c; see also Appendix A5).%" %
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Figure 2.1. Flow and alignment of CNCs as a function of applied shear stress and cellulose concentration. (a) Yield stress
(YS) measurement for a 20 wt % CNC ink and the corresponding polarized images recorded before the yield stress (1), at
the yield stress (l1), after the yield stress (llI)-(IV), and at the end of the measurement (V). (b) Yield stress measurements
of CNC suspensions at 10, 15, 20, 25, 30, 35, and 40 wt %. (c) Yield stress values extracted from (b) for inks with different
concentrations of CNCs. The yield stress dependence on the CNC volume fraction is shown to be well described by an
experimentally fitted power law. (d) In-situ rheology imaging as a function of CNC concentration at varying applied shear

stresses (I-V).

The observed power law dependence of the yield stress on the volume fraction of
particles is often interpreted in terms of the underlying microstructure of the load-bearing
particle network.®® In the case of spherical particles, the network is usually formed by fractal-
like agglomerates that connect to each other to fill up the entire volume of the suspension.
Such agglomerates are larger and less dense if the volume fraction of particles is lower. By
contrast, higher particle volume fractions lead to smaller and denser agglomerates. In
analogy to fractal-like agglomerates, our yield stress data suggest that the formation of load-
bearing structural units of different sizes and densities depend on the CNC concentration.
Indeed, the size of nematic domains was observed to decrease with increasing
concentrations of CNCs in the suspension (Figure 2.1d). At the lowest concentration of 10 wt
%, large domains are clearly visible. Increasing the CNC weight fraction to 15 and 20 wt %
leads to smaller domains with distinct alignment directions. Above 20 wt %, these domains
become even smaller and are no longer easily visible by optical microscopy (Figure 2.1d).
This interpretation is supported by earlier studies that showed a decrease of the
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interparticle spacing within liquid crystalline phases with increasing particle volume
24,70,71

fraction.

Once the yield stress of the CNC suspension is reached, particles are expected to align
parallel to the imposed shear forces. Since the alignment process of particles in highly
concentrated suspensions is poorly understood, we investigate the effect of the imposed
shear rates on the alignment dynamics of particles in suspensions with varying CNC
concentrations. This was experimentally accomplished by exploiting the linear radial
distribution of the shear rate applied in the parallel plate geometry used for the rheological
measurements. Because of this linear distribution, the alignment time at different shear
rates can be directly assessed in one single measurement at a constant global rotational
speed of the plate.

The time-dependent alignment process for a 20 wt % CNC suspension at a fixed
global rotational speed of the plate is shown in Figure 2.2a. The global rotation speed is
indicated in terms of the maximum shear rate at the rim of the plate, which in this example
was kept constant at 150 s*. The cross-polarized snapshots reveal that alignment starts at
the rim of the plate and progresses toward the center of the plate, in response to the
imposed linear gradient in shear rate. The alighment time at one given shear rate can thus
be directly assessed from the optical images. To demonstrate the alignment dynamics
visually, polarizing light images were taken at precise time intervals and stacked into a 3D
image (Figure 2.2b and Appendix A6). Extracting a vertical slice of such 3D image allows us to
directly determine the alignment time as a function of local shear rate (Figure 2.2c). By
repeating this procedure for different suspensions and distinct maximal applied shear rates,
it was possible to determine the alignment time for a wide range of shear rates and CNC
concentrations (Figure 2.2d, e). Because of the linear shear rate distribution, the alignment
time data overlap into a single curve regardless of the maximal shear rate applied. This
confirms that the alignment time is solely governed by the local shear rate rather than the
maximum applied shear rate (Figure 2.2d). Plotting the alignment time data obtained at
different particle concentrations, we obtain a design diagram that indicates the minimum
time and shear rate necessary to induce alignment of the CNCs under shear flow (Figure
2.2e).

Our experimental results reveal that the alignment time at a given shear rate is
strongly influenced by the concentration of CNC particles. For example, the alignment time
at 20 s increases approximately 2-fold if the CNC concentration increases from 20 to 25 wt
%. The alignment of CNCs under shear flow is accompanied by significant changes in the
microstructure and rheological properties of the suspension (Appendix A6 and S7). The
longer alignment times measured for concentrated suspensions is probably related to the
stronger steric and hydrodynamic interactions between particles at high CNC volume
fractions (Figure 2.2e and Appendix A6 and A7). Following the interpretation provided to
explain the yield stress data, the alignment dynamics should be affected by the size and
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density of the nematic domains formed within the suspension. At the low concentrations
ranging from 10 to 15 wt %, the larger nematic domains formed by the CNC crystals are less
dense and easier to break and align under external shear. This phenomenon is also typically

>0 72 The much smaller and denser domains formed at

observed in liquid crystals.
concentrations above 20 wt % are more difficult to rupture and thus require shearing for

longer times to achieve particle alignment (Figure A. 5-7).
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Figure 2.2. Alignment of CNCs as a function of time for fixed applied shear rates and CNC concentrations. (a) Snapshots
taken at different time intervals highlighting the dynamic alignment of a 20 wt % ink at a constant shear rate of 150 st
(b) Stack of polarized light images obtained for an ink containing 20 wt% CNC subjected to a constant shear rate of 50 st
Vertical slicing of the image stack at an arbitrary angle of + 45 ° enables direct visualization of the alignment process as a
function of time. (c) Shear rate distribution in a parallel plate system and the evolution of the alignment time as a
function of the plate radius extracted from the sliced stack of pictures. (d) Dependence of the alignment time on the local
shear rate for a 20 wt% CNC ink subjected to different maximal applied shear rates (shear rate at the rim). (e) Alignment
dynamics diagram displaying the average alignment times as functions of shear rates for different CNC concentrations of
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10, 15, 20 and 25 wt %. (f) Log-log master plot of the alignment time as a function of shear rate with corresponding
slopes of -1 and -2. (g) Variation of the scaling factor, B(®), with the CNC concentration.

Besides the effect of CNC concentration on alignment times, our experimental results
also provide insights into the dependence of the alignment dynamics on the applied shear
rate. According to predictions for an isolated anisotropic particle suspended in a Newtonian
fluid, the time it takes for the particles to align (t) is inversely proportional to the applied
shear rate (}'/).32 However, it is questionable whether this simple scaling relation also holds
true for a particle assembled within a nematic domain of the complex multidomain
microstructure obtained at high CNC volume fractions. To address this question, we
combined all the experimental data obtained from our transient shearing tests in a single
log-log plot displaying the alignment time as a function of the applied shear rate (Figure
2.2f). To account for the slower alignment process in suspensions with higher CNC volume
fractions, the alignment time was scaled with a constant term £ that should capture the
effect of steric and hydrodynamic interactions on particle reorientation under shear. In this
analysis, f depends only on the volume fraction of particles (Figure 2.2g), leading to the
following relation:

_5@®)
14

t Eq.1

This simple scaling describes quite well the dynamics of the alighment process, since
all the experimental data were found to fall in a single master curve in the log-log plot
(Figure 2.2f). Analysis of the slope of the resulting master curve allows us to compare the
effect of shear rate on alignment dynamics in concentrated suspensions with the
dependence expected for a model single particle. Surprisingly, we observe that the slope of -
1 expected for a single particle provides a good approximation of the shear rate dependence
of the alighment times at low shear rates. This suggests that, if the applied shear rates are
low, the simple relation t~1/y is still a reasonable approximation even if particles are part
of crystalline domains at high volume fractions. By contrast, the alignment time shows a
stronger shear rate dependence when higher shear rates are applied. In this case, we find
that the alignment time scales with 1/y'2. This indicates that in concentrated inks subjected
to high shear rates particles align faster than expected for a diluted suspension. Although
further work is needed to explain the underlying physics giving rise to this unusual scaling
relation, such a stronger effect of the shear rate suggests that hydrodynamic and steric
interactions between the particles at high volume fractions and high shear rates might
facilitate their alignment by shear. Such interparticle interactions increase significantly with
the CNC volume fractions, which is reflected in higher values for the scaling factor beta 8(®)
(Figure 2.2g). It is important to note that the above physical description of the alignment
dynamics should be universal and applicable to other concentrated colloidal systems, as long
as the anisotropic particles interact repulsively like the model CNC particles used in our
experiments. Our analysis might also be applicable to more complex fluids containing
distinct types of particles, if such particles are sufficiently different in size to enable a coarse-
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grained description in which the larger particles are assumed to be suspended in a
homogeneous fluid containing the smaller particles. Beyond these simplifying assumptions,
this study provides a basis for future investigations of the alignment dynamics in more
complex colloidal suspensions containing for example several types of particles that interact
through attractive and repulsive forces.

Our understanding of the effect of particle concentration on the yield stress and
alignment dynamics allows us to estimate the contribution of shear flow alone on the
alignment of anisotropic particles during 3D printing. Using a glass capillary as model nozzle
and pressures within the range applied for direct ink writing, we evaluate the level of
particle alignment expected throughout the nozzle radius (Appendix A8). The quartz
capillaries used have a diameter (2R) and length (L) of 0.3 mm and 80 mm, respectively.
Since the CNC inks exhibit a finite yield stress (Figure 2.1a-c), a fraction of the material will
not experience any shear flow during extrusion. This fraction is located in the inner core of
the extrudate, where the shear stress applied is lower than the yield stress of the ink. By
comparing the yield stress of the ink with the linear change in shear stress along the nozzle
radius, one can obtain the critical radius below which the material will not experience shear
flow. We call this critical radius the plug-flow radius (r). The plug-flow radius depends on
the yield stress of the ink, on the geometry of the nozzle, and pressure applied during
printing. For a given nozzle length and applied pressure, r,s increases linearly with the yield
stress of the ink (Figure 2.3a).
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Figure 2.3. Estimation of shear-induced particle alignment expected during 3D printing of an exemplary ink containing 15
wt% CNC. (a) General dependence of the plug-flow radius (ry) on the yield stress of the ink for different applied
pressures, assuming a printing needle with a diameter of 0.3 mm and length of 80 mm. (b) Flow curve for the 15 wt % ink
and its description using a power law fit. (c) Shear stress distribution across the radius of a nozzle with 80 mm length and
0.3 mm diameter. The yield stress of the 15 wt % CNC ink is also indicated to show the plug-flow area of the nozzle. (d)
Shear rate profile and corresponding alignment times along the nozzle radius. The residence time of the 15 wt % CNC ink
is also shown to establish the differential flow domain and the region of the nozzle where shear-induced alignment of
the particles is expected.

Between the plug-flow radius (r,s) and the nozzle radius (R), the ink experiences shear
flow. This leads to the so-called differential flow region, where shear-induced alignment of
the anisotropic particles may occur. The level of particle alignment within the differential
flow region of the nozzle can be estimated from the alignment time data obtained from the
opto-rheological measurements. To this end, we must first determine the local shear rate
imposed on the ink as a function of the nozzle radius. This is possible by translating the linear
shear stress profile across the nozzle radius into a shear rate profile using the rheological
behavior of the ink. As an illustrative example, we estimate the shear rate profile for an
exemplary ink containing 15 wt % of CNC particles (Figure 2.3c) and subjected to a pressure
of 3 bar through a model nozzle. The shear rate is given by the derivative of the velocity
profile, which is strongly influenced by the rheological properties of the ink. We find that the
following simple power law describes well the shear-thinning behavior of the ink (Figure
2.3b): 1 = ky™ 1, where n is the viscosity, k is the flow consistency index, and n is the flow
behavior index. The obtained flow index n of this 15 wt % ink is on the same order of

4, 7
73 such a low n

magnitude as the values observed for CNFs and diluted CNC suspensions.
value reflects the strong shear thinning nature of the ink. Using such a rheological
description, the geometry of the nozzle, and the pressure applied, we calculated the shear
profile expected during extrusion of the ink with 15 wt % CNC (Figure 2.3d and Appendix A8

and A9).

Once the shear rate profile is known, one can use equation (1) to estimate the
alignment time expected for different radii across the nozzle. Comparison of this alignment
time with the residence time in the nozzle finally leads to the critical radius, r¢, above which
particle alignment is expected within the differential flow region (Figure 2.3d). By combining
equation (1) with the estimated residence time and shear rate profile we find the following
prediction for the critical radius (Appendix A9):

n

R

7. | RB(P)n
lL(Bn +1)

Such relation neglects any time dependence of the rheological properties of the ink.
This is a reasonable assumption for the inks investigated in this work, in view of the
relatively weak change of their viscosity as a function of time (Figure A. 4).
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The identified plug-flow (ry) and critical (r¢) radii eventually define three distinct flow
regions within the nozzle. This is illustrated in Figure 2.3d for the exemplary ink with 15 wt %
CNCs. The dark purple area displays the plug flow region where no shear occurs (rps = 0.0672
mm). The light purple and blue areas highlight the differential flow region. Alignment due to
shear forces alone is expected within the blue area. Because of the relatively short residence
time (2 s for this capillary) and strong non-Newtonian nature of the ink, high shear rates are
only exerted very close to the nozzle’s wall. For this 15 wt % ink, we estimate the relative
critical radius (r¢/R) to be around 0.83. This means that shear-induced alignment of the CNC
particles of this ink is expected to occur within a distance of 25 um from the nozzle wall.
Such an aligned region corresponds to 27 % of the total volume of the filament. Following
this rationale, equation (2) can be used to estimate the region of shear-induced alignment
for other nozzle geometries, ink compositions, and printing conditions. The same reasoning
can be repeated with 3D printing needles of different geometries (Appendix A9).

To qualitatively validate the above prediction, we performed additional experiments
in which a 15 wt % CNC suspension is forced through a long glass needle at a fixed pressure,
thus simulating the extrusion process. The experimental setup was designed to ensure that
only shear deformation is imposed on the suspension during extrusion. This was achieved by
constructing a capillary device that features a widening diameter at the entrance (Figure
2.43a). Such widening leads to an abrupt decrease in flow velocity, thus generating

extensional forces that erase any alignment previously imposed to the particles.”* ”

Using
such a device, we assessed the level of alighment of the CNC particles by taking cross-
polarized optical images at different positions along the length of the glass capillary. The
experiment confirms that the CNC particles are aligned only within an outer skin of the ink
close to the wall of the capillary. This is clearly indicated by the darker region next to the

glass wall when the capillary is observed under cross polarizers (Figure 2.4a — V).
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Figure 2.4. Visual assessment of CNC alignment during extrusion of a 15 wt % ink through model capillaries and an artistic
illustration of our ability to locally control the orientation of printed CNC particles. (a) Polarized light imaging along a
quartz capillary designed to ensure pure shear flow during extrusion. The diverging tapered geometry of the inner
capillary erases possible previous alignment of particles caused by extensional flow. Extrusion was carried out at 3 bar.
Polarized images captured at 0 ° and 45° orientation with respect to analyzer filter indicate the level of alignment of the
CNC particles along the capillary length. Scale bar i: 500 um. The zoom-in of section V highlights the alignment of CNC
particles close to the capillary wall. Scale bar i’: 500 um. The walls of the capillary are indicated by dashed red lines. (b)
Polarized light imaging at angles 0 ° and 45° along a quartz capillary with a converging tapered section (extrusion at 3
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bar). Scale bar i: 500 um. (c) Printed tree created using different inks and imaged by cross-polarized light. Scale bar: 1 cm.
The inset on the left shows the tree pattern under normal illumination. OM images of selected areas containing inks with
different compositions deposited with distinct approaches: (i) 10 wt % casted, (ii) interfaces between 15 wt % and 20 wt
% printed inks (left), and 20w t% printed and 10 wt % casted (right), and (iii) 15 wt % printed. Scale bar of zoomed-in
sections: 200 pum.

The observation that shear-induced alignment is restricted to the skin of the printed
filament contrasts with previous studies in which stronger particle alignment has been

% ™ 1 1o reconcile these observations, we conducted

achieved by direct ink writing.
additional alignment experiments in capillaries with a tapered geometry. Such geometry
imposes extensional flow along the entire capillary length and is representative of the shape
of some of the nozzles used for direct ink writing. Extensional flow is known to be an
effective means to impose orientation in anisotropic fluids.” 2> ® Indeed, our results reveal
that strong alignment is achieved along the entire cross-section of the capillary if extensional

flow is imposed on the CNC suspension (Figure 2.4b).

The ability to spatially tune the level of alighment of anisotropic particles through
changes in the nozzle geometry, the rheological properties of the ink, and the printing
operating conditions provides a wide design space for the fabrication of printed objects with
controlled site-specific particle orientation. This increases the pallet of possible
microstructural libraries that are accessible via 3D printing of anisotropic particles. Different
types of microstructures are needed depending on the properties required in the end
function or application. Exploiting a broad range of microstructural designs to manipulate
local properties is the strategy used by many living organisms to cope with the functional
demands of their living environment using a limiting number of building blocks.””” 78
Following this rationale, one would expect that filaments with alignment restricted to the
skin might combine interesting antagonistic properties, such as high wear resistance and
high stretchability. Like the Byssus threads produced by mussels, these properties would
arise from the combination of a softer inner core and a stiffer outer layer. By contrast,
filaments containing anisotropic particles fully aligned within the entire cross-section would
enable maximum reinforcement in specific directions subjected to the highest mechanical
loads. This is a common design strategy in nature to create strong and stiff materials, such as
those in the nacreous layer of mollusk shells.

We visually demonstrate this concept of tunable local structuring by 3D printing and
casting a colorful tree pattern consisting only of CNC particles as building blocks (Figure 4c).
In this artistic representation, the center of the tree consists of a 10 wt % ink with large and
colorful nematic domains, whereas the trunk consists of a 15 wt % CNC ink extruded along a
specific direction to locally align the CNC particles. Besides these two local microstructures,
the outline of the tree crown consists of a 20 wt % ink where the CNC particles are expected
to align only very close to the filament surface.
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2.4 Conclusion

The level of particle alignment achieved through extrusion-based 3D printing of
cellulose-containing inks can be varied widely depending on the rheological properties of the
ink and the type of flow imposed during the printing process. Filament architectures
comprising an aligned shell around a randomly oriented core are typically produced under
pure shear conditions, whereas stronger alignment is observed if the printing nozzle
geometry is designed to also induce extensional flow. The first condition required for particle
alignment under pure shear flow is that the applied shear stresses overcome the yield stress
of the ink. Once this condition is satisfied, the time required for the alignment of anisotropic
particles under shear can be quantified using a simple scaling relation that takes into
account the shear rate applied and interactions between the particles at different volume
fractions. At low applied shear rates, a linear dependence between the alignment time and
the inverse of the shear rate was found to be a good approximation for the alignment
dynamics. Deviation from this linear dependence is found at higher shear rates, where steric
and hydrodynamic interactions between particles are expected to play a stronger role.
Although further work is required to fully elucidate the effect of particle concentration on
the alignment dynamics, our study offers quantitative parameters for the design of nozzle
dimensions, printing conditions, and rheological properties required to tune the shear-
induced orientation of anisotropic particles during 3D printing of composite inks.

2.5 Experimental methods
2.5.1 Sample preparation

Cellulose nanocrystals were prepared via sulfuric acid hydrolysis of eucalyptus pulp at
the USDA Forest Service, Forest Products Laboratory (Madison, WI, USA), according to a
published procedure.’® Freeze-dried CNCs (0.98 wt % sulfur content) with a measured length
of 100 + 40 nm and a diameter of 6.5 + 2 nm (TEM image in Appendix Figure A. 1) were
dispersed in water at different concentrations, ranging from 10 wt % up to 40 wt % and
mixed for 5 min at 2500 and 3500 rpm, respectively, with a speed mixer (model DAC 150.1
FVZ). Previous work on these CNC particles has shown that they exhibit zeta potentials in the
range of -40 to -45 mV when suspended in water containing 10 mM NaCl.”® This high
electrical potential results in repulsive forces between the particles in the aqueous medium.
The resulting CNC gel was left overnight for swelling, mixed at 3500 rpm for 5 min, and
stored in a refrigerator prior to testing. Before the measurements the samples were
premixed at 3500 rpm for 5 min.

2.5.2 Transmission electron microscopy

Cellulose nanocrystals were characterized by transmission electron microscopy (TEM,
Jeol JEM-2200FS, USA Inc.) using an acceleration voltage of 200 kV. Plasma-activated carbon-
coated grids were used as support onto which a 0.02 wt % diluted suspension of the
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cellulose nanocrystals was deposited and stained with a 2 wt % solution of uranyl acetate for
30 s. The average lengths and diameters of CNCs were measured with the software ImageJ.

2.5.3 Rheology

The rheometer setup (Anton Paar MCR502) was modified with a reflection
polariscope known as shear-Induced Polarized Light Imaging (SIPLI) to enable in-situ
polarization microscopy. In this setup, the shearing plate acts simultaneously as optical
mirror (roughness about 1 um) and rheological shearing tool. A Peltier temperature control
unit with a transparent bottom plate (P-PTD 200/Gl) and a corresponding Peltier-controlled
hood (H-PTD 200) provides a uniform temperature distribution and optical access to the
sample.

Working with a high-intensity white light source, the LED light is projected onto the
beam splitter of the polariscope after passing a first homogenizing filter, a collimating lens,
and the first linear polarizer (0°), as shown in Scheme 2.1b. The beam splitter reflects the
incident beam of the light source toward the sample and transmits its reflection toward a
second series of lenses and an orthogonally oriented linear polarizer (90°) onto the HR
camera. A detailed description of this setup and approach was previously reported by
Mykhaylyk et al. and Vélker-Pop.***

Measurements were carried out using a parallel plate (50 mm diameter) gap of 0.2
mm (unless specified otherwise) and at a constant temperature of 20 °C. The gap was
chosen to enable visualization of CNC alignment. Higher gap sizes and acquisition times were
shown to give equivalent results in preliminary rheological tests (Appendix Figure A. 3).
Differences between the rheological properties obtained using cone-plate and parallel plate
geometries were also found to be minimal in shear sweep measurements (Appendix Figure
A. 4).

Yield stress measurements were performed in rotation under increasing shear
stresses from 0.01 to 1000 Pa for concentrations below 30 wt %. Shear stresses up to 2000
Pa were applied for concentrations above 30 wt%. Using time intervals of 25 s for each data
point, a total of 34 points were acquired during these stress sweep tests.

Flow curves under shear rates ranging from 10 s™ to 350 s™* were obtained through
time-controlled measurements. Time sweeps at constant shear rates were performed using
time intervals of 4.5 s per measuring point.

2.5.4 Image Processing

Images were processed using the software FlJI (Imagel) V.1.51h.
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2.5.5 3D printing

Printing experiments were performed using the Bioplotter Manufacturing series from
EnvisionTEC. The material was extruded under controlled pressure ranging from 0.5 to 1.2
bar depending on the needle and material concentration.

Nozzles with different dimensions and geometries were prepared to study particle
alignment under an optical microscope by using 80 mm long and 0.3 mm diameter quartz
capillaries from Hilgenberg. The capillaries were mounted on the printer by connecting them
to standard DIW needles using an adapter obtained from Nordson. The tapered capillary
utilized to demonstrate the effect of extensional forces on particle alignment was prepared
by connecting two circular glass capillaries with different inner diameters of 2 and 0.5 mm,
respectively (World Precision Instruments). The tapered section was produced by hot pulling
(Sutter Instrument Co — Model p97). The capillaries were held together with double-
component epoxy glue.

The tree pattern was printed using inks containing 10, 15, and 20 wt % of CNC
particles. Inks loaded with 15 and 20 wt % CNC were used to build the contour and the
trunk, whereas the 10 wt % ink was casted within the boundaries of the printed contour.

2.5.6 Optical microscopy

All optical microscopy analyses were performed on an Axioplan microscope from Zeiss
equipped with cross-polarized filters. The capillaries were placed between the polarized
filters for imaging.
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3.1 Abstract

The alignment of anisotropic particles in composites directly influences their
microstructure and mechanical properties. Control over particle alignment during composite
fabrication is possible using extrusion-based 3D printing processes such as Direct Ink Writing
(DIW). In such process, alignment is induced by flow and is strongly affected by both the
rheological properties of the material and the geometry of the extrusion nozzle. To the best
of our knowledge, most studies on flow-induced alignment of anisotropic particles have
been conducted in diluted conditions. These conditions are not representative of the highly
concentrated suspensions that are typically used for DIW processes. Additionally, only a few
detailed in-situ studies have been reported in the literature on the flow and alignment
dynamics of anisotropic particles during the extrusion process. Using cellulose nanocrystals
as anisotropic model particles, we investigate the contributions of both extensional and
shear forces on the dynamics of the particle alignment process. In order to reproduce the
extrusion process occurring in DIW, we designed a pressure-controlled extrusion stage that
allows us to perform in-situ X-ray scattering measurements during flow of a concentrated
suspension through a quartz capillary. By moving the beam along the radius and length of
the quartz capillary, we are able to monitor changes in particle alignment during flow and
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after relaxation using both small- and wide-angle X-ray scattering techniques. This approach
allows to locally resolve the relative degree of alignment and the preferential orientation of
cellulose nanocrystals within the capillary. For the geometry studied here, we observe that
extensional forces dominate the alignment of particles at the entry of the capillary system,
whereas shear forces increase the degree of alignment in a thin layer of suspension close to
the walls along the length of the capillary. These findings support earlier predictions and
provide a better understanding of the mechanisms underlying the alignment of cellulose
nanocrystals during the DIW process.
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3.2 Introduction

Three-dimensional (3D) printing is a fast growing technology as it enables the
fabrication of objects and composite materials with defined architecture at several length
scales. Some of the design possibilities to tune the architecture and the resulting properties
of composite materials through 3D printing involves the control of the alignment of micro or
nano-scaled anisotropic particles. Alignment control is of interest to mimic and capture the
exquisite multi-scaled architecture of biological materials such as bones, mollusk shells,
plants or trees.”™ Therefore, efforts have been invested in controlling the alignment of these
anisotropic particles by combining various techniques such as magnetic fields >, acoustic

9,10 7,11-15

waves™  or shear stresses . The control over the alignment of anisotropic particles has

allowed for improvements in the mechanical properties of the resulting composites and for
the development of materials with shape memory or self-actuating properties. > 12
Because of their biocompatibility as well as their mechanical and optical properties, bio-
sourced materials such as cellulose has gained increasing attention as anisotropic reinforcing

material.** **%8 Extracted from plants or produced by bacteria, cellulose can be processed as

long and flexible fibers (MFCs or NFCs) or short and stiff cellulose nanocrystals (CNCs).2* 2> %

The anisotropic shape of cellulose nanocrystals leads to alignment along the flow

direction under the action of shear and extensional forces.>® 3!

This is of particular interest
when working with 3D printing techniques such as Direct Ink Writing (DIW), a process in
which extensional and shear stresses can be easily applied on gel-like materials with defined
rheological properties by extruding it through a nozzle. Cellulose-based gels with ideal
rheological properties are easily obtained due to the formation of a percolation network

11, 32-35

held via strong interparticle interactions. Among the rheological properties of

cellulose inks, the yield stress and the shear thinning behavior have shown to strongly affect

7, 30, 36, 37

the alignment quality of cellulose nanocrystals under shear. These parameters can

be easily adjusted by varying material compositions or physical properties, such as the

14, 3840 Therefore,

cellulose content, the nozzle geometry or the extrusion pressure.
understanding the dynamics of particle alighment under flow of non-Newtonian fluids is of

utmost importance for 3D printing of complex 3D structures.

Because of their liquid crystal behavior and their birefringent nature, the alighment of
cellulose crystals has been extensively studied using cross-polarized microscopy. The self-
assembly of cellulose crystals results in the formation of chiral nematic phases that can be
readily observed under cross-polarizers. When shear is applied to such self-assembled
structures, individual crystals orient along specific directions resulting in well-defined

41-43

colors. The effect of the addition of salts or polymers, changes in temperature, pH or

sonication time on the assembly of CNCs was investigated and assessed optically in several

449 1o quantify the degree of alignment of CNCs, Chowdhury and

previous studies.
coworkers proposed a method that combines polarized light imaging with UV-visible

spectrometry. The results were validated with state-of-the-art X-ray diffraction
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measurements.”® In fact, cellulose systems have been extensively investigated using X-ray
analytical techniques.

Small angle X-ray scattering, for example, has been combined with rheology to study

diluted cellulose systems under shear.”” >

The colloidal behavior and alignment of the
cellulose particles were found to strongly depend on the applied shear rates. Two possible
phenomenon were proposed to explain the alignment of the cellulose crystals under shear.
At rest, the cellulose nanocrystals are known to form micro-domains with locally aligned
particles but no global preferred orientation. When exposed to high shear rates, these
domains rupture, allowing individual crystals to align along the shear direction. At low shear
rates, forces are not sufficiently high to disrupt the domains and the alignment is strongly
dependent on the domain size. The formation and disruption of domains under shear was
also observed under in-situ polarized light rheology.>*® Another relevant phenomenon is the
possible tumbling of cellulose nanocrystals along specific directions at low shear rates. In this
case, higher shear rates restrict their freedom of rotation, thus favoring a preferential

orientation along the flow direction.”” >3

Despite the important research on the self-
assembly of cellulose suspensions, *® their dynamic response in concentrated suspensions
under shear and extensional flow is not yet fully understood. Indeed, the majority of the
studies were conducted at relatively low concentrations of nanocellulose (~6 wt %) or only
considered self-assembling processes in the absence of flow. Moreover, most studies were
conducted on flexible nanofibrillated cellulose (NFCs) of larger aspect ratio, while research

on CNCs is still limited.3® >

For 3D printing, cellulose nanocrystal concentrations typically higher than 15 wt % are
required to meet the rheological properties needed to avoid macroscopic creeping and
shape distortions.'* At these conditions, the volume fraction of particles is significantly
above the percolation threshold. This makes tumbling processes more complicated and
favors the formation of micro-domains that are not always visible under the optical
microscope. While rheology has been extensively utilized to characterize the material prior
to the extrusion process, X-ray scattering is mostly applied to analyze the structure of the
final printed material. Because of the high flow-induced forces expected in the nozzle,
alignment is often taken as granted in inks used for direct ink writing processes. Although
shear and extensional forces are known to strongly affect the degree of alignment of
particles during extrusion-based 3D printing, the contribution of these two parameters are
highly dependent on the nozzle geometry and thus remain poorly understood.” **>>>°

Here, we investigate the effect of shear and extensional stresses on the alignment of
cellulose nanocrystals during extrusion of CNC inks through a quartz capillary with the
geometry of a 3D printing nozzle. To image the flow behavior of cellulose nanocrystals
suspensions though the capillary, we utilize Wide Angle (WAXS) and Small Angle (SAXS) X-ray
scattering techniques. In-situ visualization of the flow process is achieved by designing an
extrusion system with controlled pressure. This customized extrusion stage offers the
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possibility to measure the alignment dynamics of cellulose dispersions of various
concentrations under flow with SAXS and to prepare samples for WAXS measurements
under controlled conditions. Additional SAXS experiments using a high-intensity beam line at
the synchrotron light source were also utilized to prepare 3D tomography reconstructions of
the suspension inside the representative capillary. With this fundamental study, we
determine the contributions of shear and extensional forces to the alignment of CNCs during
the direct ink writing process.>°

3.3 Results and discussion

During 3D printing processes such as direct ink writing (DIW), a fluid ink (dispersion) is
deposited on a substrate by extrusion from a cartridge system through a thin nozzle of
defined dimensions. This extrusion process subjects the ink to both extensional and shear
forces that arise from the changes in geometrical sections and from the friction with the
walls of the nozzles. The magnitude of these forces is defined by external parameters, such
as the applied pressure and the geometry of the system, as well as by the rheological
properties of the ink. Understanding the interplay between the rheological properties of the
ink and the resulting forces is of importance, particularly when the ink composition involves
anisotropic nanoparticles. For inks containing cellulose nanocrystals, the rheological
response of the material is strongly dependent on the applied shear and extensional forces
due to changes in the microstructure of the ink and degree of particle alignment during
extrusion. This microstructural change of the material is a consequence of the reorganization
and orientation of individual cellulose nanocrystals or microscopic nematic domains. In our
previous work, we applied rheology and polarized microscopy to assess the contribution of
shear forces to the degree of alignment of CNCs.*° Our experiments revealed that shear
forces contribute to the alignment of CNCs next to the wall of the nozzle. Although the effect
of extensional forces was also qualitatively assessed, a quantitative analysis of the particle
alignment dynamics under flow in a 3D printing nozzle was not possible.

To this end, we replaced the original steel nozzle by a X-ray transparent quartz
capillary that enables the in-situ observation of flow-driven CNC alignment using X-ray
scattering techniques. Particle alighment was investigated under controlled 3 bar pressure
on a typical extrusion cartridge connected to the capillary (Figure 3.1). This setup permits to
measure in situ the dynamic response of CNCs under controlled pressure during and after
the extrusion process. By moving the X-ray beam along the capillary’s length and radius, we
used this setup to quantify the alignment dynamics of CNCs through 2D projections of the
scattered beam.
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Figure 3.1 X-ray measurement setup. The quartz capillary is mounted on a typical plastic cartridge used for 3D printing
and connected to pressurized air. The exact position of the capillary can be controlled in X,Y and Z while the flow is
regulated by the pressure.

We employ 2D Wide Angle X-Ray scattering (2DWAXS) to first estimate the degree of
alignment of CNCs along the length of the quartz capillary. The degree of alignment of CNCs
is represented by the full width at half maximum (FWHM) of the scattered intensity from the
200 plane as a function of the incident angle at different positions along the capillary length.
Low FWHM values indicate strong alignment of the particles.

Scattering measurements performed on suspensions containing 15, 20 and 25wt%
CNCs reveals an increase in the degree of alignment along the length of the nozzle (Figure
3.2). The degree of alignment is significantly enhanced when the concentration of CNCs
increases from 15 to 20 wt %. This is likely related to the higher viscosity and the formation
of liquid crystal domains in the more concentrated dispersions. The presence of liquid crystal
domains ensures pre-alignment of the particles at the microscale. Orientation of such pre-
aligned domains along the flow direction is then favoured by the high shear forces imposed
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by fluids with higher viscosities. Indeed, increasing the concentration from 15 to 25 wt %
results in a decreasing FWHM from 72 to 37.4 at position 5 along the capillary (Figure 3.2a).
Interestingly, the increase in concentration from 15 to 20 wt % induces a more pronounced
change in the degree of alignment as compared to the increase in concentration from 20 to
25 wt %. This difference in behaviour is in good agreement with the rheological response
exhibited by these inks with three different concentrations. Inks with 20 and 25 wt % CNC
present a strong shear thinning behaviour and a well-defined yield stress well above 100 Pa,
while inks with 15 wt % CNC barely fulfils the conditions to print structures with high shape
fidelity.' *°
inks may arise from the break-up of the initial particle network under the imposed flow and

The shear thinning behaviour and yield stress shown by the concentrated CNC

eventually the alignment of the CNC particles by extensional and shear forces. As it was
demonstrated in previous research, these concentrations lie above the percolation threshold
and have the tendency to form micro-domains, the size of which decreases with increasing
concentration. Therefore, the shear thinning behaviour is not only influenced by the
alignment of individual CNCs but also by the alignment of these micro-domains.*

Comparison of these scattering data with previously studied systems provides further

insights into the alignment of CNCs during the extrusion process.’” *!

. The degree of
alignment measured for the 20 wt % dispersion is in the same range as the one measured in
printed structures investigated in previous publication.11 In accordance with other studies,
the lower degree of alignment observed for dispersions with 15 wt % CNC can be a
consequence of higher probability of particle tumbling induced by the high shear and
extensional deformations developed during flow and next to the capillary’s wall. The
nematic domains and the percolating network of particles formed in pastes containing 20
and 25 wt % CNC is expected to hinder tumbling of individual crystals. The poor particle
orientation of non-percolating systems is also observed for lower CNC concentrations, such
as 10 wt % (Figure B. 1) or for diluted 1-2 wt % cellulose nanofibrils (CNF) suspensions
extruded through capillary systems.> Interestingly, particle tumbling has been observed in
both extensional and shear flows. The probability of particle tumbling decreases with
increasing extensional forces, which makes this phenomenon more pronounced in pure
shear systems. This observation can be explained by the fact that anisotropic particles
aligned with the flow are more stable in an extensional flow as compared to a pure shear

54, 57
flow.”™

Our in-situ investigation suggests that tumbling does not govern particle
orientation in the highly concentrated nanocellulose suspensions used in 3D printing
processes. This is probably caused by the assembly of individual particles in domains and the

high extensional flow at the entrance of the nozzle.



56 Alignment dynamics of cellulose nanocrystals under flow in a 3D printing nozzle

240
B 1 ] C B 15w%
3 10 04 a o 20W%
i & a2 a4 2Bw%
> 70
2
5 200
E Z 60
° N Y = -
T 180 I/ \ T e
E / /) \ -
2 \ /, 2 .
® @ — 0 -< 160 / 3 / N g o
/\\\\ yAaS Y e - > “ . 2 4 ad .
- o Alas ==
‘ \\ {\ (Ne==) (===
, = ’ \-::/ Ve =i/ L o S . S S S 30 -
’ \,!’ / \f_ - \‘f‘-r./ o 50 100 150 200 250 300 350 o 2 4 1] 8 10 12

ar] Position along capillary [-]

Figure 3.2 2DWAXS measurement along the length of the quartz capillary. A) Schematic illustration of the alignment
dynamics along the capillary at various positions (I to IV) and polarized light microscopy image of a 15 wt % CNC
dispersion. The red lines indicate the measurement positions employed in the 2DWAXs experiment. The polarized light
image provides experimental evidence of particle alignment along the flow direction. B) Radial integration resulting from
scattering patterns measured along the length of the capillary at 12 different positions for a 20 wt % CNC dispersion. C)
Full width at half maximum (FWHM) values as a function of the position along the capillary for dispersions containing 15,
20 and 25 wt % cellulose nanocrystals.

In addition to the changes in particle average orientation along the length of the
capillary, the degree of particle alighment is also expected to vary across the radius of the
nozzle due the shear stress gradient formed within the nozzle during extrusion. Indeed, the
shear stress profile along the capillary’s diameter is not spatially uniform, which leads to a
distribution of alignment angles across the cross section of the capillary. An accurate
assessment of the alighment angle across the diameter of the capillary is not possible using
the 2DWAXS technique because the maximum resolution available in this experimental
setup is comparable in size with the capillary’s diameter. Thus, coherent Small Angle X-Ray
Scattering using synchrotron radiation was employed to resolve the dependence of the
alignment angle as a function of the position across the cross section of the capillary.

As the time required for sample preparation and for the measurements stretches
typically over several hours, preliminary SAXS experiments were performed to evaluate
possible microstructural changes that may occur in the inks after sample preparation. The
temporal stability of a 20 wt % CNC dispersion is assessed by running consecutive
measurements at the same position of the capillary. Measurements were obtained during
material flow shortly after injection in the capillary, right after the flow was ceased and a
after a relaxation period of 17 h. No visible changes are noticeable between these 3 different
snapshots (Figure 3.3a), indicating that the material preserves its microstructure even after
pressure removal and flow cessation. Moreover, our experimental results show that the CNC
microstructure developed during the extrusion process of such concentrated dispersion is
not affected by thermal motion of the constituent colloidal particles. The scattering profile
of suspensions containing different particle concentrations reveal a strong peak for vector
length (g) values in the range 0.01 — 0.05 A™ for inks loaded with 15 and 20wt% CNCs (Figure
3.3b).
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Our SAXS measurements also reveal that the characteristic length scale of the
scattering elements in our concentrated suspensions changes from 38.0 to 27.2 to 20.0 nm,
as the CNC contents increase from 10 to 15 to 20 wt% (Figure 3.3b). This finding corroborate
the observation that particle tumbling is less favoured in highly concentrated dispersions as
the particle mobility is reduced due to the smaller interparticle distances and stronger shear
and extensional forces. Once the stability of the ink microstructure over several hours was
confirmed, we performed high resolution SAXS measurements in a synchrotron facility to

study the alignment of CNC particles along the radius and cross-section of the capillary.

58, 59
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Figure 3.3 Conventional SAXS measurements of suspensions containing various CNC concentrations. A)Temporal
relaxation of CNCs in a quartz capillary observed by SAXS. Measurement performed at the centre of the capillary during
flow, after flow cessation and after a relaxation time of 17 h. B) Determination of d-spacing between repeating units.

In the synchrotron experiments, the CNC alignment angle and the relative degree of
alignment across the cross section of the capillary was resolved using a squared 10x10 um?
beam that scanned through pre-defined areas comprising the initial and final sections of the
quartz capillary sample. The two-dimensional scattering patterns obtained from these
measurements show that the CNC particles are strongly oriented along the longitudinal axis
of the capillary (Figure 3.4a). The preferential alignment angle of the cellulose nanocrystals
relative to the longitudinal axis is about 0° at the centre of the capillary and increases to up
to 20° at the capillary walls, forming a symmetrical 2D pattern. The tilting of the anisotropic
cellulose nanoparticles close to the capillary walls is observed at both the beginning and the
end sections of the capillary (Figure 3.4b). While further experiments are needed to clarify
the underlying mechanism leading to such tilting effect, the preferred orientation of the CNC
particles close to the wall is likely influenced by the tapered geometry of the capillary used in
our experiments (Appendix B2).

The difference between the microstructure at the beginning and at the end of the
capillary sections can be quantified by calculating the relative degree of CNC orientation. The
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relative degree of CNC orientation was defined by normalizing the measured degree of
alignment obtained from the SAXS data. This degree of alignment is derived from a cosine
fitting to the scattered intensity (/) as a function of the incidence angle, X: 60

I(X) =ay+a,cos(2X + ) Eq.1

where a, is the average baseline intensity, a; is the amplitude and f§ is a shifting factor. The
degree of alignment can be quantified using the anisotropy factor (Af) of this function:

The X-ray scattering data indicate that the relative degree of alignment of CNC
particles along the capillary radius evolves from the beginning to the end of the capillary
(Figure 3.4c). The relative degree of alignment is the local As value obtained in the slice of a
cSAXs 2D projection normalized by the maximum value. The degree of alignment along the
radius is based on data obtained from a single slice of the tomographic image because an
analysis carried out on the entire 2D projection tends to overestimate the alighment of
particles in the center of the capillary (Figure B. 5, Appendix B4). At the beginning, the
relative degree of alignment is relatively uniform along the entire radius of the capillary. By
contrast, stronger CNC alignment is observed close to the walls compared to the centre at
the end of the capillary. This difference in CNC alignment behaviour can be understood by
considering the interplay between shear and extensional forces along the capillary length. At
the entry of the capillary, a strong reduction in cross-sectional area occurs as the materials
flows from the very large barrel (cartridge) into the quartz capillary. This change in cross-
sectional area induces strong extensional forces on the material, as it moves from a slow
velocity towards a fast velocity region. After this first transition, the material flows along the
slightly tapered capillary (Appendix B2). The gradual change in cross-sectional area along the
capillary length leads to much lower extensional forces between the beginning and the end
of the capillary as compared to the transition from the cartridge to the capillary. Therefore,
the relative degree of alignment in this region is predominantly affected by the shear forces
developed close to the capillary wall. As the extruded dispersion exhibit a relatively high
viscosity with a shear-thinning behaviour and a finite yield stress, the core of ink within the
capillary is expected to undergo plug flow. In plug flow conditions, only a small volume of the
material close to the walls is subjected to shear forces that are high enough to disrupt the
percolated network and enhance the degree of alignment of particles.*® Our measurements
confirm that the presence of shear forces results in a significant increase of the degree of
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alignment close to the walls as compared to the centre of the capillary, explaining the
orientation distribution profile measured at the end of the capillary. Such orientation
distributions obtained from synchrotron measurements across the cross section of the
capillary show similar patterns to those obtained in a conventional SAXS equipment,
providing further experimental support to the interpretation above (Appendix B3, B5).

The combination of multiple two-dimensional projections obtained from various
rotational and tilting angle scans from the same sample allows us to extract three-
dimensional tomographic snapshots of the suspension. The 3D tomographic reconstruction
is based on a simulated reproduction of the real scattering pattern obtained following the
procedure described earlier in the literature (Appendix B4).”® The 3D tomography data
confirms the stronger degree of alignment of the CNC particles at the walls compared to the
centre of the capillary (Appendix B4 with Figure B. 6 to 7). It is important to note that the
numerical values of the degree of alignment obtained from the tomographies (Figure 3.4d,e)
cannot be directly compared to those extracted from the 2D patterns (Figure 3.4b), because
the former have been calculated based on spherical harmonics instead of a cosine fitting
approach. *® To enable an one-to-one comparison between these data, we extracted slices
from the centreline of the tomographies and used them to back-calculate the degree of
alignment using the cosine fitting analysis. The obtained degree of alignment calculated
using this method is comparable to that from the 2D patterns, thus validating the
tomographic reconstruction (Figure B. 8).

Overall, our results highlight the contribution of both extensional and shear forces to
the alignment of particles during extrusion of concentrated CNC suspensions. Sectional
changes provide the highest contribution to the alignment of anisotropic particles while the
contribution of shear forces occurs predominantly at the capillary walls and is limited by the
rheological properties of the material. While this study sheds light on the interplay between
shear and extensional forces during the extrusion process, additional investigations are
required to fully quantify the relative contributions of these different forces. By using the
inverted extensional flow system we prepared in our previous work * , one can erase the
previously induced alignment obtained by extensional flow and study a pure shear case.
Combined with numerical models, this fundamental understanding is of interest to design
3D printing nozzles that can result in different degrees of alignment within a printed
structure.
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Figure 3.4 Coherent SAXS measurements performed with a high-luminance source beam in a synchrotron facility to study
the alignment of CNC particles along the radius and length of the capillary. A) Particle alignment maps obtained from 2D
projections of two capillary sections: beginning (red) and end (green), showing the preferential orientation of cellulose
nanocrystals along the longitudinal direction. B) Scattering patterns measured along the radius of the capillary. C)
Integrated relative degree of alignment calculated for the beginning and the end of the capillary using a single 2D project
slice from the 3D tomographic reconstruction. D,E) 3D tomographic reconstruction of the degree of alignment of the CNC
particles at (D) the beginning and (E) the end of the capillary.
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3.4 Conclusion

The alignment dynamics of anisotropic particles during extrusion-based 3D printing
processes is strongly influenced by the extensional and shear forces developed within the
printing nozzle. CNC particles were found to align preferentially along the longitudinal
direction of the extruded filament due to the action of extensional forces at the entry of the
nozzle-like capillary. As the suspension moves along the length of the capillary, the strong
initial alignment across the entire cross-section of the nozzle is maintained and the
alignment at the edge of the capillary is further enhanced. This is caused by the high shear
forces developed close to the capillary wall. The contribution of shear forces is mostly
limited to the walls of the capillary because of the high yield stress exhibited by
concentrated CNC dispersions. Previous analysis of the flow profile within the nozzle
suggests that inks with high yield stress undergo plug-type flow. Since plug flow is more
pronounced in suspensions with high particle concentrations, shear forces play a limited role
on the overall degree of alighment in systems containing high CNC contents. These results
underline the important correlation between rheological properties of the ink and nozzle
geometry on the degree of particle alighment achieved during 3D printing. Although
additional work is required to understand the contribution of the nozzle geometry to the
level of particle alignment, the effect of the CNC concentration is clearly related to changes
in the rheological properties and the formation of liquid crystal domains in the suspension.
While rheological properties of the printing formulations are controlled by the concentration
of CNCs in the ink, geometrical factors define the contribution of extensional and shear
forces to the alignment of these nanoparticles. Combining nozzle geometry and material
composition can therefore enable the production of 3D printed parts with programmed CNC
architectures and tailored mechanical properties.

3.5 Experimental methods

3.5.1 Materials

Cellulose nanocrystals (CNCs) were purchased from the USDA Forest Service — Forest
Products Laboratory (Madison, WI). Such crystals were prepared via sulfuric acid hydrolysis
of eucalyptus pulp according to a published procedure. ®* Freeze-dried CNCs (0.98 wt %
sulfur content) were dispersed in water for 5 min at 2500 and 3500 rpm, respectively, in a
speed mixer (model DAC 150.1 FVZ). Gels containing 15, 20 and 25 wt % of CNCs were
prepared through this mixing procedure. The cellulose-based gels were left for swelling for
one night, before conducting an additional speed mixing step at 3500 rpm for 5 min and
storing in the fridge until testing. The quartz capillaries had and inner diameter of 0.3 mm
and a length of 80 mm (Hilgenberg.)
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3.5.2 Sample preparation
Small Angle X-Ray Scattering (SAXS)

Small Angle X-Ray Scattering was performed on a Bruker Nanostar U diffractometer
(Bruker AXS, Karlsruhe, Germany) using a Copper K-a radiation source (A = 1.54187 A4) and a
Vantec-2000 MikroGap detection system. The distance between the sample and the
detector, the beam diameter and the irradiation time per frame were set to 99.7 cm, 0.3 mm
and 300 s, respectively. Pinholes of 550 and 300 um were utilized with a beam stop of 3.15
mm.

The cartridge and the capillary were mounted in the measurement chamber on a
movable plate (see Appendix B5). The movable plate allowed us to position the capillary in
front of the X-ray beam. With this setup, the whole length and cross-section of the capillary
can be scanned with the X-ray beam. A pressure inlet was inserted through a hole at the
back of the measurement chamber to enable a precise control of the extrusion pressure and
the material flow. This configuration enables scattering measurements under continuous
material flow or during relaxation.

2D-Wide Angle X-Ray Scattering (2DWAXS)

Two-dimensional wide-angle X-ray diffraction (2D-WAXD; STOE IPDS-II, 0.71073 Mo
Ka radiation source) was used to investigate the degree of alignment of CNC dispersions
extruded through quartz capillaries. The equipment was operated at 40 mA and 50 kV for 30
min using a beam diameter of 0.5mm in transmission mode. The samples were prepared by
first filling the paste into an adapted quartz capillary and then extruding the material at a
controlled pressure of 3 bar. This was achieved by connecting the cartridge to a Direct Ink
Writing (DIW) 3D Printer (EnvisionTEC, Bioplotter Manufacturing series). Once the capillary
was filled, the pressure was removed and the capillary was sealed with a fast-curing glue.
The capillary was then fixed perpendicularly to the beam on the goniometer head. The 2D-
WAXD patterns were recorded on an Image Plate Detector System with a 340mm diameter
placed at a distance of 200mm from the sample. The sample was shifted after each
measurement to cover the length of the capillary. A full image covering a 20 range from 3 to
40° was recorded for each position. Azimuthal scans were integrated for the cellulose (200)
reflection.

Coherent Small Angle X-Ray Scattering (cSAXS)

cSAXS measurements were performed at the Swiss Light Source beamline at the Paul
Scherrer Institute (PSI). The beam was focused at an area of 10 x 10 umz with a sample-to-
detector distance of 7.185 m and a beam photon energy of 12.4 KeV. Two-dimensional
scattering patterns were collected using a 2M Pilatus detector (1475 x 1679 pixels, pixel size
172 x 172 um?). Samples were prepared similarly to those utilized for 2DWAXS
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measurements. The 3D tomography and data analysis were performed using a Matlab code
developed and provided by PSI and described elsewhere.”®
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4.1 Abstract

Cellulose is an attractive material resource for the fabrication of sustainable functional
products, but its processing into structures with complex architecture and high cellulose
content remains challenging. Such limitation has prevented cellulose-based synthetic
materials from reaching the level of structural control and mechanical properties observed
in their biological counterparts, such as wood and plant tissues. To address this issue, we
report a simple approach to manufacture complex-shaped cellulose-based composites, in
which the shaping capabilities of 3D printing technologies are combined with a wet
densification process that increases the concentration of cellulose in the final printed
material. Densification is achieved by exchanging the liquid medium of the wet printed
material with a poor solvent mixture that induces attractive interactions between the
cellulose particles. The effect of the solvent mixture on the final cellulose concentration is
rationalized using solubility parameters that quantify the attractive interparticle interactions.
Using X-ray diffraction analysis and mechanical tests, we show that 3D printed composites
obtained through this process exhibit highly aligned microstructures and mechanical
properties significantly higher than those obtained by earlier additively-manufactured
cellulose-based materials. These features enable the fabrication of cellulose-rich synthetic
structures that more closely resemble the exquisite designs found in biological materials
grown by plants in nature.
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4.2 Introduction

Cellulose offers a sustainable natural resource for the manufacturing of a broad variety
of materials in the form of thin films,* emulsion stabilizers,> membranes or foams for waste
water management,” % food packaging and food additives,® and reinforcements for
composites.G’7 Whereas the extensive research on cellulose has made available a wide range
of cellulose-based building blocks for many applications, current manufacturing technologies
do not allow yet for full exploitation of their potential. This is evident by comparing the
relatively simple structure of synthetic cellulose-based materials with the hierarchical
architecture of biological materials made predominantly from cellulose, such as wood.
Further advancements in manufacturing technologies are crucial to enable harnessing the
potential of cellulose as a sustainable material resource for the future.

The wide availability of 3D printing technologies has recently given new impulse on the
search for manufacturing approaches that offer greater control over the shape and structure
of synthetic materials.®** Using stereolithographic, ink jetting, laser- or extrusion-based
processes, 3D printing provides shaping capabilities thus far inaccessible by other

manufacturing processes.lz'15

The control over the macroscopic shape inherent of these
additive technologies has been combined with different approaches to structure the printed
material at smaller length scales below the resolution of the printer. This is possible by
designing inks or resins with building blocks that can assemble into controlled structures
during or after printing. The assembly process can be directed by external forces, using for
example light, magnetic fields, acoustic waves, or shear forces imposed by an extrusion

16-19

nozzle. In recent examples, 3D printing of inks programmed to undergo directed

assembly has allowed for the creation of self-shaping composites inspired by the

morphology of seedpods and flowers.*® **

Alternatively, polymer objects with reinforcement
architectures that resemble the hierarchical structure of wood have been 3D printed using

self-assembling liquid crystalline building blocks.*?

Although the shear-induced assembly of cellulose fibrils and nanocrystals in
extrusion-based 3D printing has already been demonstrated,”®?> the concentration of
cellulose that can be added to the inks remains very limited, typically below 6.6 vol % for un-
modified cellulose nanocrystals (CNCs) dispersed in a polymer matrix and 1.3 — 2.6 vol % for

cellulose nanofibers (CNFs) dispersed in water.?®>*

Such diluted conditions are appropriate
for the ink-jet printing of cellulose micropatterns on flat substrates™ or the
stereolithographic printing of liquid resins into CNC-laden complex geometries,** *? but is not
sufficient to create 3D objects with high cellulose content. 3D printed objects with high
mechanical properties and volume fraction of cellulose acetate (35 wt%) have been recently
reported, but the absence of filler particles in this system prevents the design of more
elaborate bioinspired cellulose architectures.®® Other recent works have shown that inks
with up to 30-40 wt% CNC can be printed into complex-shaped scaffolds and composites.>*

** However, these very high CNC concentrations lead to drying issues at the printing nozzle
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and to very high viscosity and yield stress levels that prevent the flow-induced alignment of

cellulose nanocrystals at reasonable applied pressures.s’ 3

By contrast, the volume fraction
of cellulose in biological materials like wood can reach levels as high as 40-50 wt %.” Due to
the low volume fraction achieved with current manufacturing processes, 3D printed objects
cannot fully benefit from the attractive mechanical and functional properties of cellulose-
based building blocks. Moreover, the use of cellulose as a sustainable material resource can
only be fully justified if its concentration reaches a significant level in final cellulose-based
products. This challenge becomes even more critical in view of the anisotropic nature of
cellulose fibrils and nanocrystals, which reduces the maximum volume fraction of particles

that can be used before the ink becomes too viscous.

Here, we report a simple approach to manufacture complex-shaped 3D printed
polymer composites with volume fraction of nanocelluloses (CNC and CNF) that can be
varied from about 13 vol % up to a thus far inaccessible level of 27.35 vol %. In this
approach, the interactions between nanocellulose particles suspended in water are first
tuned to achieve the rheological properties required for extrusion-based printing of
distortion-free structures. After the printing process, the structure is densified by inducing
attractive interactions between the cellulose nanoparticles upon exchange of water by a
poor solvent. To illustrate this simple processing route and identify the parameters
controlling this wet densification process, we study the effect of different solvent mixtures
on the volume fraction of nanocelluloses in 3D printed objects. Next, X-ray diffraction
experiments are performed to quantify the level of alignment of the cellulose nanoparticles
after the printing and solvent exchange processes. The impact of the wet densification
process on the mechanical properties of composites produced using this route is then
investigated and compared to those of other cellulose-based 3D printed materials. Finally,
the shaping freedom enabled by additive manufacturing is combined with the wet
densification process to manufacture 3D printed demonstrators with unique geometrical
complexity and load-bearing capacity.

4.3 Results and discussion

The manufacturing of complex-shaped composites with high nanocellulose
concentrations is demonstrated using two main steps: (a) 3D printing of a cellulose scaffold
with highly aligned microstructure and (b) wet densification of the printed scaffold through a
solvent exchange process (Figure 4.1). The printing step requires the formulation of
nanocellulose-based inks displaying rheological properties suitable for the direct ink writing
(DIW) process. Previous works have shown that shear-thinning behavior, minimum vyield
stress, minimum elastic modulus and fast elastic recovery are key rheological properties for

the 3D printing of distortion-free structures by DIW. 2

These properties can be potentially
achieved if the ink contains particles that form a percolating attractive network under rest.
Because the main goal was to maximize the cellulose concentration in the final printed

scaffold, our ink was designed to contain the highest possible CNC content while still
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ensuring a shear-thinning behavior and sufficiently low viscosity for extrusion under
moderate applied pressures. Shear-thinning is favored in such inks due to the alignment of
the CNC particles during the extrusion process (Figure 4.1a). In addition to this high CNC
content, a small fraction of cellulose nanofibers (CNFs) was added to the formulation to
increase the yield stress, storage modulus and elastic recovery of the ink (Appendix C1 and
Figure C. 1). Due to its very high aspect ratio in the order of 200, CNFs favor the formation of
the desired percolating network of particles.” Based on these considerations, a final ink
containing 20 wt % CNC and 1 wt % CNF suspended in water was used for 3D printing of
cellulose scaffolds. At this solid fraction of CNCs, the fast drying issues typically observed in
highly concentrated inks are circumvented ** % and the viscosity and yield stress of the ink
are sufficiently low to enable the partial alignment of cellulose nanocrystals during

extrusion.
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Figure 4.1 lllustration of the 3D printing and wet densification processes used to produce complex-shaped objects with
high cellulose concentration. A) The alignment of cellulose nanofibers (CNF) and nanocrystals (CNC) during the flow of
the ink within the extrusion nozzle. The insets show electron microscopy images of CNFs (top) and CNCs (bottom)
obtained from diluted suspensions. Scale bar: 2 um and 100 nm, respectively. B) Wet densification process induced by
solvent exchange, followed by polymerization of infiltrated monomers initially present in the solvent bath. C) Ternary
diagram indicating the relative weight of the solubility parameters of the solvent mixtures used for wet densification.
The solubility parameters are presented in terms of relative fractions of hydrogen bonding interactions (fy), dispersion
forces (fp) and polar interactions (f;). The colors indicate the solvent mixtures that lead to swelling/dispersion, no
dimensional changes and wet densification of the printed objects.

Cellulose scaffolds were densified in a subsequent step by immersing the printed
object into a solvent bath of selected composition (Figure 4.1B). Densification is achieved
when the liquid in the bath is a poor solvent for the cellulose particles, leading to the
development of attractive interparticle interactions (Appendix C2 and Figure C. 2). Under
such conditions, the average distance between the particles within the printed object
reduces, leading to macroscopic shrinkage and densification. To assess the quality of the
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solvent with respect to the nanocellulose particles, we use Hansen solubility parameters
previously reported in the literature (Figure 4.1C and Table C. 2). According to Hansen, the
total solubility parameter of a liquid (87) is determined by three contributions: (i) the
hydrogen bonding component (d4), the polar component (0p), and the dispersive component
(8p).>* *” Overall, a poor solvent is expected to exhibit Hansen solubility parameters that
differ significantly from those of the suspended particles. Earlier work **“* has shown that
the range of solubility parameters for acid-hydrolyzed nanocellulose particles matches well
the oy, Op and Op values of water, which explains the good dispersibility of the as-hydrolyzed
CNC/CNF particles in aqueous medium. To achieve the desired poor solvent condition
required for scaffold densification, water-miscible solvents such as ethanol, acetone and
acetonitrile can be added to the initial aqueous phase (Figure 4.1C and Appendix C3 and
Figure C. 3-6).

We investigate the effect of the solvent composition on the densification process by
systematically changing the solubility parameters of the liquid mixture relative to that of
cellulose. Our experiments indicate that the scaffold densifies continuously when immersed
in an aqueous solution containing increasing concentrations of ethanol, acetone or
acetonitrile in water (Figure 4.2A). Taking mixtures of water and ethanol as an example, we
observe a change in solid volume fraction from 3.67 vol % to 24.5 vol %, as the fraction of
ethanol is increased from 65.5 vol %. to 100 vol %. This trend is in agreement with the
qualitative description of the effect of solvents with distinct solubility parameters on the
densification of cellulose-based membranes produced through spinning processes.43 Based
on these data, it is possible to define an area in a solubility diagram that leads to dispersion
or densification of the cellulose scaffold (green area in Figure 4.1C).

To gain a better quantitative understanding of the physical processes that control the
wet densification process, our results were interpreted in terms of the cohesive energy
density (CED) of cellulose compared to that of the different solvent mixtures. The CED
corresponds to the increase in internal energy per unit volume of a substance if all

intermolecular forces are removed.***

This parameter is therefore an indicator of the
energy gained through attractive intermolecular interactions within a substance and can be

determined from the total Hansen solubility parameters as follows:

CED = 62 = 63 + 65 + 65 Eq.1

where 0y dp and Op represent, respectively, the hydrogen bonding, the polar and the
dispersive contributions to the total solubility parameter.

For our CNC suspensions, liquid mixtures with CED values comparable to those of the
suspended particles tend to be good solvents since the replacement of particle-particle
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interactions by particle-liquid interactions does not lead to a major net change in internal
energy. By contrast, a mismatch between the CED values of the particles and of the liquid
mixture will result in separation into particle-rich and liquid-rich phases. Because the
estimated CED of hydrolyzed cellulose is comparable to that of water but higher than that of
pure ethanol, acetone and acetonitrile (Figure 4.2B), the addition of these non-aqueous
solvents into the liquid mixture will favor attractive interactions between the cellulose
nanoparticles. Following this rationale, we take the mismatch in CED between particles and
liquid mixture as an estimate of the reduction in internal energy of the wet scaffold achieved
upon solvent exchange. This net change in CED can be physically interpreted as an internal
stress that pulls particles together as a result of the increased attractive interactions
between cellulose molecules. Taking such internal stress as the driving force of the wet
densification process, one should expect the final relative density of the cellulose scaffolds
to be proportional to the net change in CED after solvent exchange.

Indeed, our experimental data show that the solid content in the printed
nanocellulose objects increase logarithmically with the net change in CED (Figure 4.2B). The
obtained trend resembles the compaction behavior of powders in pressing operations,
where a logarithmic dependence is also found between the relative density of the powder

and the pressure applied onto the compact.®® *°

Such analogy supports our physical
interpretation that internal stresses induced by molecular interactions are at the origin of

the wet densification process.

While the logarithmic dependence on the net CED change is observed for all the
tested solvents, a stronger densification effect is achieved with ethanol and acetonitrile. To
shed light on the possible causes of this difference, our physical picture of the densification
process is complemented by a chemical description of the underlying molecular interactions
(Figure 2B). From a chemical viewpoint, the development of internal stresses results from
the replacement of the highly polar and hydrogen-bonding -OH groups from the water
molecules by solvent molecular moieties that display weaker interactions with the -OH
groups present on the surface of the cellulose particles. Because of their enhanced polar
nature and hydrogen-bonding capability, the -OH groups of water molecules interact more
strongly with the cellulose surface, preventing the hydroxyl groups of CNCs/CNFs from
establishing attractive molecular interactions between neighbor particles. This screening
effect of the water molecules is attenuated by replacing them with (excess) solvent
molecules containing less polar and hydrogen-bonding functional groups. The less
interacting solvent molecules are eventually displaced by direct attractive interactions
between the -OH groups on the cellulose surface, leading to the observed densification
phenomenon. According to this interpretation, the excess of solvent molecules needed to
remove water molecules from the cellulose surface will depend on their polar character and
hydrogen-bonding ability. Based on the Hansen solubility parameters, we note that ethanol
and acetonitrile show either polar or hydrogen-bonding values that come close to those of
water (Appendix C3). As a result, these two solvents can easily replace H,O molecules from
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the cellulose surface and thus induce densification. By contrast, the polar and hydrogen-
bonding Hansen parameters of acetone are both significantly lower compared to water.
Consequently, a far greater excess of acetone is needed to remove water molecules from
the cellulose surface and promote attractive interparticle interactions. Since the CED net
change resulting from the solvent exchange with acetone still predicts densification to be
more thermodynamically stable, we expect the shielding effect imposed by the water
molecules to be only a kinetic constraint that can be overcome if enough time is provided for
the densification process.

Besides the solvent quality, a cross-linker ion such as Ca?* can also be used to
increase the solid content of the printed cellulose object when the concentration of poor
solvent (e.g. ethanol) in the mixture is kept low. Due to their opposite charges, the Ca** ions
and the hydrolyzed cellulose nanoparticles establish attractive electrostatic interactions that
decrease the distance between nanocellulose particles, thus increasing the solid fraction of
the object. To illustrate this effect, we evaluated the density of cellulose objects after
introducing them in an immersion bath comprising a water-ethanol mixture with different
concentrations of Ca**-containing aqueous phase. Cross-linking with Ca** leads to the
formation of a percolating network of CNC/CNF particles that remains cohesive and gelled
even in the absence of the poor solvent (ethanol). A CNC/CNF object immersed in an
ethanol-free aqueous solution with 4 wt % CaCl, shows a solid content of 15.7 vol %, which is
slightly higher than the initial CNC/CNF concentration of 14.6 vol % present in the initial ink.
By contrast, immersion in a Ca-free aqueous solution without ethanol leads to complete
disintegration of the object (Figure C. 5). The cross-linking effect of Ca®* can be combined
with the solvent-induced densification effect through the addition of ethanol to the Ca®'-
containing aqueous solution used as immersion bath (Figure 4.2C). For ethanol
concentrations higher than 70.4 vol % in the Ca2+-containing bath, the solid fraction reaches
values comparable to those obtained using Ca-free water-ethanol mixtures. At this point, the
relative density of the object becomes dominated by the quality of the solvent (Figure 4.2C
and D).
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Figure 4.2 Solids content of cellulose scaffolds obtained via wet densification using solvent mixtures of different
compositions. A) Solid content of the scaffold as a function of the concentration of acetonitrile, ethanol (EtOH) and
acetone used in the aqueous solvent mixtures. B) Dependence of the solid content on the net change in CED induced by
the solvent exchange process. The lines were obtained by fitting the data with a logarithmic function. C) Effect of the
relative fraction between Ca-containing water (4wt % CaCl,) and ethanol on the solid content of scaffolds immersed in
water/ethanol (EtOH) solutions. D) Comparison of the solids content achieved using water/EtOH solutions in the
presence or absence of 4wt % CaCl,.

3D printed nanocellulose objects subjected to wet densification can be further
processed into composites containing very high concentrations of cellulose. Composites are
generated here by introducing a polymer phase between the CNC/CNF particles using two
different routes: supercritical drying of the wet printed material followed by infiltration of
monomers or infiltration of the printed materials with a monomer in the wet state
(Appendix C4 and Figure C. 7-9,14). The wet infiltration route is illustrated here as a mean to
obtain large nanocellulose-based composites without the need of costly equipment, which
drastically simplifies the process as compared to the impregnation of supercritically-dried
scaffolds (Appendix C2 and C4). Advantages and limitations of these and other
manufacturing routes used throughout this study are listed in Table C. 1. In this process, a
mixture of monomer, cross-linker and photoinitiator is dissolved into the solvent bath used
for the wet densification procedure. The presence of these components does not affect the
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wet densification step. As observed with the monomer-free mixtures, solvent exchange
leads to a linear shrinkage of 40 % relative to the initial printed dimensions. Because of its
lower vapor pressure compared to ethanol, the monomer infiltrates the nanocellulose
object during evaporation of the solvent. Following this approach, composites with
nanocellulose concentrations of 27.35 vol % were generated by polymerizing the infiltrated
monomer using UV light. The infiltration of the CNC/CNF scaffolds with the monomer
enhances significantly the cohesion between filaments by forming a single continuous phase
throughout the printed object (Figure C. 4-8). Additionally, our experiments showed that the
solvent exchange process can be carried without undesired shape distortion effects if the
wall thickness of the 3D printed objects is smaller than approximately 5mm. 3D scaffolds
with thicker walls would require the use of solvents with a smaller CED mismatch to prevent
differential shrinkage and distortion of the wall. For wall thicknesses equal or below 5mm,
we experimentally observed that the solvent exchange process takes less than 30 minutes. It
is important to note that the shrinkage associated with the wet densification process should
also be taken into account when designing the dimensions of the 3D printed object. Very
recent work on cellulose-based structures subjected to solvent-induced shrinkage has shown
that a compensation factor can be introduced in the design model to reach 3D objects with
predictable final dimensions.*

In addition to the high concentration of cellulose, 3D printing followed by wet
densification also allows one to preserve the alignment of cellulose nanocrystals and
nanofibers resulting from the DIW process and thus obtain 3D objects with deliberate CNC
orientations. This feature enables the manufacturing of objects with aligned architectures
inspired by wood and other biological materials (see Appendix C5 — C7). A high nanocellulose
particle orientation was confirmed by diffraction measurements and scanning electron
microscopy (SEM, Figure C. 10-13 and Table C. 3). Our SEM images show that the aligned
CNC/CNF particles form a very dense microstructure that resembles the fibrillated
architecture of the thickest and supporting cell wall layer S2 present in the secondary walls
of plant cells.”

Control over the alignment of CNCs/CNFs and the formation of strong interfaces
between filaments and the polymer matrix enables the fabrication of semi-transparent
cellulose-based 3D-printed composites with tunable anisotropic mechanical properties
(Figures S10 and S16). To quantify the reinforcing effect of the CNC/CNF particles and the
anisotropic properties of the resulting composites, we performed tensile and three-point
bending tests in specimens exhibiting different particle orientations (Figure 4.3, Figure C. 17-
19.). Composite samples were compared to the non-reinforced polymer matrix alone
(cellulose-free) and to specimens obtained by simply drying the CNC/CNF scaffolds in air. The
mechanical results indicate that the polymer matrix is very soft and weak, with elastic
modulus and tensile strength values of 1.6 and 7 MPa, respectively. Remarkably, the
incorporation of 27.35 vol % of nanocellulose particles in this polymer matrix enhances the
modulus and strength of the material by several orders of magnitude (Figure 4.3a, b). As
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expected, this is accompanied by a significant reduction of the ductility of the material. The
major reinforcing effect imparted by the nanocellulose results from their high concentration
in the composite and their intrinsically high mechanical properties. Surprisingly, the CNC-
based printed scaffolds alone show quite high mechanical properties, comparable to wood,
even before infiltration and polymerization of the monomer (Figure 4.3a-c), which suggests
that the wet densification process drastically increases the density of hydrogen bonds
between cellulose particles in the printed object. Comparison of the mechanical properties
of the composite with those of the pure nanocellulose specimen reveals that the
concentration of CNC/CNF used in the composite is sufficient to harness the high modulus
and strength of the cellulose particles alone while keeping some of the ductility associated
with the polymer matrix (Figure 4.3a-c and Appendix C9). When tested in the transverse
direction using a 3-point bending setup, the composites show high flexural modulus and
strength (Figure C. 18). This reflects the high adhesion between printed filaments and
indicate that the nanocellulose particles are able to reinforce the polymer matrix even when
aligned perpendicular to the main stress direction. Overall, the high concentration of
CNC/CNF particles achieved through the wet densification process leads to a reinforcement
effect significantly stronger than that observed in CNC-based 3D printed composites and

scaffolds previously reported in the literature.?* **

The mechanical properties of the
composites are expected to be further improved if the CNC particles are combined with
stronger polymer matrices. Taking for example cellulose acetate as polymer matrix, it should
be possible to generate strong and stiff 3D printed objects featuring complex shapes and an

all-cellulose hierarchical architecture.?* °?
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Figure 4.3 Mechanical performance in tensile mode of 3D-printed composites obtained through the wet densification
approach. (A) Representative stress-strain curves obtained under tension for the matrix, 3D printed dry scaffold and
composite. (B) Elastic modulus, (C) strength at 0.6 % deformation and maximum strength of the matrix, 3D printed dry
scaffold, and composite.

The high cellulose concentration and mechanical properties demonstrated using
simple filaments and films were eventually translated to more complex 3D geometries by
taking advantage of the intrinsic shaping freedom of extrusion-based 3D printing
technologies. We demonstrate the geometrical design freedom accessible with our
nanocellulose-based inks by first printing a complex-shaped jar exhibiting overhangs and
asymmetric features (Figure 4.4a-d). After printing, the jar was subjected to wet
densification, followed by wet monomer infiltration and light-induced polymerization.
Notably, the fine geometrical features remain undistorted during the wet densification step,
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in spite of the large linear shrinkage of approximately 40 % that occurs in this process. This
high shrinkage led to a remarkable cellulose concentration of 27.35 vol % in the final
composite. A hollow truncated cone and a honeycomb design were also 3D printed, as
examples of lightweight structures that can be manufactured with our process. To illustrate
the high stiffness and strength of the final printed objects, we fabricated a hook that can
bear a load that is 737 times higher than its own weight without significant extension or
rupture (Figure 4.4a).The mechanical properties can be further controlled by infiltrating the
printed scaffolds with different polymer matrices (Appendix C10 and Figure C. 20).

While a high concentration of nanocellulose particles is required to print stiff and
load-bearing structures, the use of inks with lower cellulose contents that can be cross-
linked with Ca®* ions and swollen in water offer the possibility to produce soft hydrogels
exhibiting tailored macroscopic geometries and mechanical response. This was
demonstrated by immersing an as-printed grid-like structure into a Ca-containing aqueous
solution loaded with monomers, followed by light-induced polymerization of the monomer
to create a soft composite with squared cellular architecture. The lateral compliance of the
final structure depends on the angle at which it is mechanically loaded. Loading along the
struts leads to a stiff response, whereas a more compliant behavior is observed when the
mechanical load is applied at an angle of 45° with respect to the strut axis (Figure 4.4e-j).
The possibility to tailor the mechanical response of such structures by tuning the
nanocellulose concentration in the precursor hydrogel and the cellular architecture of the
printed object opens a large parameter space for the design of biocompatible cellulose-
based gels and composites for biomedical and functional applications
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Figure 4.4 3D printed functional parts with high volume fraction of cellulose (27.35 vol %). (A) Printed hook (6.1 g)
carrying a load of 4.5 kg. (B) Printed jar with complex geometry. (C,D) Printed trunked cone and honeycomb structures.
(E-J) Cellulose-based 3D printed composites prepared from hydrogels with lower cellulose concentration: (E-F) hydrogel
with no mechanical stability obtained right after printing and (G) hydrogel after one day in bath of CaCl, solution,
showing improved stiffness but low strength, and (H-J) composite obtained after infiltration of hydrogel with monomer
and UV curing. The infiltrated composite shows a stiff response when compressed along the strut direction and an elastic
deformation when tested at an angle of 45 ° relative to the strut axis.(See Supporting videos 1,2 and 3).

4.4 Conclusions

Complex-shaped composites with cellulose concentration up to 27.35 vol % can be
created through the wet densification of 3D printed scaffolds. The densification process
involves the exchange of the aqueous phase of the printed wet scaffold by a liquid mixture
that works as a poor solvent for the cellulose particles. The poor solvent characteristics of
the liquid mixture can be quantified using Hansen solubility parameters, which provide a
measure of the cohesive energy density (CED) of the solvent mixture. Liquids with CED
comparable to that of cellulose will work as good solvents, enabling the dispersion of a high
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concentration of cellulose particles in the ink used for 3D printing. By contrast, solvents with
significantly different CED values will exhibit poor dispersion capabilities and induce
attractive interactions between the cellulose particles within the 3D printed scaffolds. The
increase in scaffold density during wet densification was found to be directly proportional to
the change in CED resulting from the solvent exchange process. This quantitative
relationship offers a sound physical interpretation of the wet densification phenomenon and
provides guidelines for the selection of solvent mixtures that can effectively increase the
cellulose content of 3D printed scaffolds. Because of their high cellulose concentration,
composites obtained via infiltration of wet densified scaffolds with an organic phase show
significantly higher fracture strength and stiffness compared to state-of-the-art 3D printed
cellulose-based materials. This strengthening effect arises from the very high concentration
of cellulose achieved in the final composite and is also partly affected by the strong
alignment of the cellulose particles along the extrusion direction during the printing process.
Such alignment can be combined with the shaping freedom enabled by 3D printing and the
flexibility in materials choice offered by the densification and infiltration procedures to
manufacture complex-shaped objects with unprecedentedly high mechanical properties and
volume fraction of cellulose. The high level of structural complexity and control achieved
with this combined process opens the way to the fabrication of cellulose-based materials
that capture some of the design principles of biological structures like wood and morphing
plant structures. Since mechanical stability and high cellulose content are key to achieve
long-term durability and to fully benefit from the sustainable nature of this material
resource, the proposed manufacturing workflow is also expected to have a major impact in
future cellulose-based structural, biomedical and energy-related products.

4.5 Experimental methods
Materials

2-Hydroxyethyl methacrylate (HEMA) (98%), N-isopropylacrylamide (NIPAM) and
N,N’-methylenebis(acrylamide) (MBA) were purchased from Sigma-Aldrich. The functional
PUA oligomers (BR3741AJ and BR571) and the photoinitiator bis(2,4,6-trimethylbenzoyl)-
phenylphosphineoxide (lrgacure 819) were generously provided by Dymax and BASF,
respectively. Calcium chloride powder (CaCl,) was purchased from Merck. Cellulose
nanocrystals (CNCs) were prepared via sulfuric acid hydrolysis of eucalyptus pulp according
to a published procedure >* and were purchased from the USDA Forest Service — Forest
Products Laboratory (Madison, WI). Never-dried elemental chlorine free (ECF) cellulose
fibers from bleached softwood pulp (Picea abies and Pinus spp.) were obtained from Stendal
GmbH (Berlin, Germany) and used for the production of cellulose nanofibers (CNFs).
Transmission Electron Microscopy (TEM) images of CNCs and CNFs used in the study are
shown in Appendix Figure C. 21 and S22. 2,2,6,6-Tetramethyl-1-piperidinyloxyl (TEMPO) and
sodium hypochlorite (NaClO) solutions (12-14 % chlorine) were purchased from VWR
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International. Sodium bromide (NaBr > 99 %) and sodium hydroxide (NaOH > 99 %) were
obtained from Sigma-Aldrich (Buchs, Switzerland).

Preparation and characterization of inks
Cellulose-based inks

TEMPO-CNFs were produced according to a well-established protocol from Saito et
al.>*, which is extensively described elsewhere.>® Freeze-dried CNCs (0.98 wt % sulfur
content Figure C. 21) and never-dried TEMPO-CNFs in water (CNF concentration of 1.33 wt %
relative to water Figure C. 22) were mixed for 5 min at 2500 and 3500 rpm, respectively, in a
speed mixer (model DAC 150.1 FVZ). The resulting gel contained 20 wt % CNC and 1 wt %
CNF. This cellulose-based gel was left for swelling for one night, mixed at 3500 rpm for 5 min
and stored in the fridge prior to testing. Before further processing and printing, the gel was
filled in plastic cartridges and centrifuged for 10 min at 3500 rpm to remove bubbles.

Rheology of inks

The rheological characterization of the inks was performed using a MCR 302
rheometer from Anton Paar. Measurements were carried out using a plate-plate geometry
with 50 mm diameter and a gap of 0.5 mm at a constant temperature of 20 °C. Shear rate
sweeps were performed at shear rates ranging from 0.001 s™ to 1000 s™ at logarithmically-
spaced intervals with 4 points per decade. Amplitude sweeps were performed from 0.1 to
1000 % using similar logarithmic intervals at a frequency of 1 Hz. The yield stress of the inks
was determined by applying an increasing shear stress from 1 to 1000 Pa and measuring the
deformation response. The stress corresponding to the change in slope in the shear stress
versus deformation curves was taken as the yield stress of the ink.

4.5.1 Preparation and characterization of composites
3D printing

Cellulose scaffolds were printed using a direct ink writer (DIW) from EnvisionTEC
(Bioplotter Manufacturing series). The gels were filled in plastic cartridges and extruded
through uniform steel needles with compressed air at pressures in the range 2.1 - 2.4 bar
and at a fixed temperature of 20 °C. The extrusion needles were 27 mm long and exhibited a
non-tapered geometry with diameter of 0.41 mm.



Chapter 4 81

Freeze-drying

Freeze-dried scaffolds were prepared by plunging printed gel structures into liquid
nitrogen and placing the sample in the freeze-dryer (SRK System Technik GmbH - LYOVAC)
for removal of the aqueous phase. Freeze-drying was accomplished by changing the
temperature and pressure in the chamber so as to directly sublimate the ice.

Super-critical drying

Some of the scaffolds were dried under super-critical conditions. Prior to super-
critical drying, the water-based gel was plunged into an ethanol bath. The ethanol was
changed several times to make sure most of the water is eliminated. Super-critical drying
was conducted in a dedicated equipment (Quorum Technologies - Polaron), where the
ethanol is first replaced by liquid CO, before removal of the liquid phase under super-critical
conditions (37 °C, 100 bar).

Resin formulation

The resin used as polymer matrix of the composite is a mixture of HEMA / BR-3741 AJ
/ Irgacure 819 at weight fractions of 50, 49.5 and 0.5 wt % respectively. The resin was diluted
with the solvent for the infiltration step. When pure ethanol was used as solvent, a
solvent:resin weight ratio of 2:1 was utilized. The resin:water ratio for the hydrogels was
adjusted to achieve the targeted final water content desired for the gel.

Infiltration of super-critically dried scaffolds

Super-critically dried samples were plunged into a liquid bath of HEMA and
isostatically pressed at 5000 bar for 5 minutes prior to a one week vacuum infiltration
process. After infiltration, the samples were UV cured for 10 minutes on both sides under
continuous nitrogen (N,) flow to avoid oxygen inhibition of the polymer reaction.

Infiltration of wet scaffolds

Some of the scaffolds were directly infiltrated with monomer while still in the wet
state. In this case, the aqueous phase of the printed scaffolds was first solvent exchanged
with ethanol to enable wet densification. After water removal, the ethanol bath was either
replaced by an ethanol solution of HEMA (2:1 weight ratio of ethanol: HEMA/BR). The
samples were kept in the bath under vacuum for 1 week to allow for infiltration of the resin
and complete elimination of the ethanol. Infiltrated scaffolds were UV-cured for 10 minutes
on both sides under continuous nitrogen (N,) flow. We also explored the possibility to
directly infiltrate the wet scaffolds in a or a pure HEMA/BR resin bath which is also feasible.
The concentration of cellulose nanocrystals in the final composites was estimated using
Archimedes and geometrical methods (Appendix S12).



82 Complex shaped cellulose composites made by wet densification

4.5.2 Mechanical and structural characterization of composites
3-Point-Bending measurements

3D printed samples for three-point-bending measurements were produced according
to the standard ISO D790-03 °°. Tests were conducted in an universal mechanical testing
machine (Shimadzu AGS-X, Japan) equipped with a 1 kN load cell. Samples were tested using
a span width of 40 mm and a displacement rate of 1 mm/min.

Tensile tests

3D printed single- and double-layered films were printed and tested in tensile mode
using an uniaxial Mechanical tester (Zwick Roell) with a load cell of 500 N. Measurements
were performed in 12 mm x 2 mm dog bone samples that were punched out from printed
sheets (single and double layers). Stress data were recorded while applying a displacement
rate of 5 mm/min. Strain was measured based on cross-head motion. Pure CNC/CNF dog-
bone-shaped samples were obtained by stamping out films that were wet-densified films via
solvent exchange and dried in air. Dog-bone-shaped specimens of CNC/CNF composites
were prepared from UV-cured composite films generated through the wet densification and
infiltration processes.

Dynamic mechanical analysis (DMA)

Single and double layered films were printed and cut for DMA analysis (TA RSAIll). Cut
samples were 5 mm wide, 40 mm long and 0.35 mm thick. Tests were conducted using a
span of 35 mm. Samples were measured with a frequency of 1 Hz while heated from -100 °C
to 100 °C at a rate of 2 °C/min and a pre-strain of 0.04 %.

Differential scanning calorimetry (DSC)

DSC measurements were performed at heating and cooling rates of 20 °C/min (DSC7
and DSC8000, Perkin Elmer). The experimental run consisted of a heating cycle from -90 °C
to 60 °C, followed by a ramp-down to -90 °C, a holding time of 5 min at -90 °C before a final
heating to 60 °C.

UV/Vis Spectroscopy

Light transmittance of 3D-printed films was measured on a Shimadzu UV-3600 at
wavelengths ranging from 300 to 1500 nm. The single- and double-layered samples used in
these measurements had a thickness of around 0.32 and 0.6 mm, respectively.

Transmission electron microscopy (TEM)

Cellulose nanocrystals were characterized by transmission electron microscopy (TEM,
Jeol JEM-2200FS, USA Inc.) using an acceleration voltage of 200 kV. Plasma activated (30 s)
carbon-coated grids were used as a support onto which a 0.02 wt % suspension of the
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cellulose nanocrystals was deposited and stained with a 2 wt % solution of uranyl acetate for
30 s. The average lengths and diameters of the CNCs were measured with the software
Image J.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed on a LEO 1530 using an
accelerating voltage of 2kV and a working distance of 5mm. Sample cross-sections prior and
after resin infiltration or mechanical testing were imaged. Before imaging, the samples were
either glued with carbon adhesive tape onto aluminum sample holders or held with screw
fastening systems. Samples were coated for 30 sec at a current of 40 mA, a pressure of 0.8
Pa and a working distance of 5 cm with tungsten to avoid surface charging.

Optical microscopy (OM)

All optical microscopy analyses were performed on an Axioplan microscope from
Zeiss equipped with cross-polarized filters.

Wide angle X-ray diffraction (WAXD)

Two-dimensional wide-angle X-ray diffraction (2D-WAXD; STOE IPDS-II, 0.71073 Mo Ka
radiation source) was used to study the degree of CNC alignment within the printed
filaments and films. The equipment was operated at 40 mA and 50 kV for 30 min using a
beam diameter of 0.5mm in transmission mode. The samples were fixed on the goniometer
head and then placed perpendicular to the beam to allow the X-rays to pass only through
the specimen. The 2D-WAXD patterns were recorded on an Image Plate Detector System
with a 340mm diameter placed at a distance of 200mm from the sample. For each sample
position a full image was recorded covering a 2Theta range from 3 to 40°. Azimuthal scans
were integrated for the cellulose (200) reflection. Curves shown in Figure C. 10have been
obtained after subtraction of the background noise to the original curve.
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5.1 Abstract

Responsive materials with birefringent optical properties have been exploited for the
manipulation of light in several modern electronic devices. While electrical fields are often
utilized to achieve optical modulation, magnetic stimuli may offer an enticing
complementary approach to control and manipulate light remotely. Here, we report on the
synthesis and characterization of magnetically-responsive birefringent microparticles with
unusual magneto-optical properties. These functional microparticles are prepared via a
microfluidic emulsification process, in which water-based droplets are generated in a flow-
focusing device and stretched into anisotropic shapes before conversion into particles via
photopolymerization. Birefringence properties are achieved by aligning cellulose
nanocrystals (CNCs) within the microparticles during droplet stretching, whereas magnetic
responsiveness results from the addition of superparamagnetic nanoparticles (SPIONs) to
the initial droplet template. When suspended in a fluid, the microparticles can be
controllably manipulated via an external magnetic field to result in unique magneto-optical
coupling effects. Using a remotely actuated magnetic field coupled to a polarized optical
microscope, we show how these microparticles can be employed to convert magnetic into
optical signals or to estimate the viscosity of the suspending fluid through magnetically-
driven microrheology.
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5.2 Introduction

Controlling the optical properties of materials with an external source of energy forms
the basis of a wide range of display, laser and data transmission technologies present in
modern life.”” 2 In most of these applications, an external electrical field is used either to
change the electrical permittivity of the material along specific directions or to manipulate
pigment particles in a suspending fluid to create color. Electrical fields in the form of an
action potential are also used by living organisms for camouflaging optical effects induced by
the deliberate contraction of pigment-laden cells.> As an alternative to electrical stimuli,
magnetic fields have also been explored to change the optical properties of materials both at

| %7 as well as at the colloidal scale.®*?

the molecular leve Although less explored than their
electrical counterparts, magnetic systems offer as main advantages the possibility of
contactless remote manipulation, the potentially stronger forces generated in field

gradients, and the higher penetration depth in a variety of liquids and solids.

The ability to combine magnetic and optically-active building blocks in the same
system makes composite particles suspended in a fluid an attractive platform for the
development of magnetically-tunable optical devices. To change the optical properties of the
suspensions on demand, two specific requirements have to be fulfilled. First, the dispersed
particles need to be made magnetically-responsive to thus translate or rotate when exposed
to the external magnetic field. Second, the translation or rotation of the particles must affect
the optical properties of the suspension such as to achieve a color change. The first
requirement can be easily fulfilled by adding magnetic nanoparticles to the system.*?*®
However, the usual dark color of magnetic materials reduces the transparency of the
suspension. This can be tackled by decreasing the concentration of magnetic material to
levels that ensure enough optical transmittance. Since magnetic forces scale linearly with
the volume of the particle, a low concentration of magnetic material can be compensated by
forming larger microparticles that in turn become increasingly responsive to external fields.
The second requirement concerning the color change can be met by orienting anisotropic
particles in a specific direction to vary the total cross-sectional area of particles that is
exposed to the incoming light. Following this approach, mirror-like aluminum flakes
dispersed in a diluted ferrofluid were magnetically manipulated to change from light to dark
the color of a display-like prototype.’ In another system, magnetically-responsive composite
platelets suspended in a fluid were used to change the color of the resulting suspension

depending on the direction of the externally applied magnetic field.** 18

Color changes in
these examples are achieved via orientation-dependent light absorption, fluorescence® or

reflection'” phenomena.

In spite of the various types of light-matter interactions that have been exploited so
far, current particle-based systems do not allow for control of the polarization of light using
magnetic fields. Polarized light is widely used in liquid crystal displays (LCDs), photography
filters, and glasses to dynamically change color, remove undesired glare or achieve
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19,201y |LCDs, rod-shaped molecules are electrically-

stereoscopic effects for 3D visualization.
oriented in specific directions to block or partially transmit light travelling between cross-
polarizers, thus allowing for dynamic color and brightness control. This widespread concept
relies on the birefringent nature of the electrically-responsive liquid crystalline molecules
placed at the core of the display. Besides these everyday technologies, polarized light is also
used by flying and marine animals, such as bees, octopus and shrimps, for communication,
vision and navigation in the natural world. * ?** Given the widespread use of polarized light
in synthetic and biological systems, new mechanisms of control of light polarization may

have important implications in a broad range of research fields and technologies.

In this paper, we report on the design, synthesis and characterization of composite
microparticles that enable control of light polarization using an external magnetic field.
Similar to the rod-shaped molecules used in liquid crystal displays, cellulose nanocrystals
(CNCs) are used as birefringent building blocks inside the microparticles to manipulate light
polarization (Figure 5.1a). To render the microparticles responsive to magnetic fields, the
CNC building blocks are combined with small concentrations of superparamagnetic iron
oxide nanoparticles (SPIONs). Such composite microparticles are produced using liquid
droplet templates that are elongated in microfluidic tubes to generate the birefringent
properties required for polarization control (Figure 5.1b, c). The detailed synthesis of these
functional microparticles is presented below, followed by an evaluation of their geometrical
and optical properties. Finally, the response of CNC-laden particles to magnetic fields is
studied to illustrate the potential of the proposed system as a means to achieve optical
modulation or perform microrheological measurements using contactless, remote magnetic
stimuli.

5.3 Results and discussion

Composite microparticles with birefringent properties are created from water-based
droplet templates generated in a microfluidic platform (Figure 5.1b, ¢ and Figure D. 1). The
microfluidic platform is built from glass capillaries, which are arranged to form water-in-oil
droplets using the flow-focusing approach.’®?® In this setup, the inner aqueous phase is
pumped through a cylindrical capillary, which is encased in a concentric square capillary that
hosts the flowing outer oil phase. Flow-focusing is induced at the tip of the inner capillary,
resulting in the breakup of the aqueous phase into monodisperse droplets of water
suspended in the continuous oil phase. Water-soluble monomers are added to the droplets
to enable their conversion into microparticles upon UV irradiation. A hexadecane solution
containing the surfactant polyglycerol polyricinoleate (PGPR) is used as the outer oil phase.
To ensure the formation of monodisperse droplets, the flow rates of the inner and outer
phases were adjusted until the conditions for dripping-controlled emulsification were
achieved.
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Droplet deformation

Droplet composition

Figure 5.1 Birefringent properties and microfluidic assembly of microparticles containing cellulose nanocrystals (CNCs).
(a) Schematic illustration of a display-like functional device in which the orientation of a birefringent CNC-laden
microparticle is used to control the intensity of light transmitted through cross-polarizers. (b) Capillary-based microfluidic
device used for the creation of CNC-laden magnetic microparticles from water-in-oil emulsions. (c) Spiraling cylindrical
tube utilized to elongate the emulsion droplets before consolidation into anisotropic microparticles by UV-induced
polymerization.

Microparticles that are simultaneously birefringent and magnetically responsive are
obtained by loading such monomer-containing droplets with both CNC nanoparticles and
SPIONs. Because the CNC nanoparticles do not show a preferential orientation in the
aqueous phase, the freshly-formed droplets are pushed into a long polyethylene tube of
smaller diameter to align the birefringent nanocrystals before UV polymerization. Alignment
results from the extensional forces developed inside the droplet as it is stretched inside the
tube. This leads to microparticles with birefringent behaviour after polymerization. To keep
the aqueous phase sufficiently fluid for microfluidic emulsification while ensuring a strong
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birefringent response, CNC concentrations in the range of 4-10 wt % were used (Figure D. 2).
Another important role of the small-diameter tube is to deform the originally spherical
droplets into an elongated rod-like geometry that is preserved in the microparticles upon UV
irradiation. This anisotropic shape allows for rotation of the SPION-laden microparticle using
an external magnetic field, giving rise to the coupled magneto-optical response.

The birefringent properties of the microparticles rely on the quick polymerization of
the monomer-containing aqueous droplet while it is stretched inside the small-diameter
tube. Fast curing of the monomer preserves the anisotropic shape of the microparticles and
prevents the misalignment of the CNC nanoparticles by Brownian motion when the droplet
exits the tube. To ensure that the curing timescale is shorter than the residence time of the
droplet in the tube, we indirectly quantified the polymerization kinetics of the monomer-
containing aqueous phase through bulk rheological measurements of CNC suspensions with
the same composition as that of the droplet (Figure 5.2a). Measurements were performed
by tracking the storage and loss moduli of the suspension under a fixed amplitude strain of
1%. The curing timescale was determined as the time elapsed between the moment when
the UV illumination was turned on and the time point at which the storage modulus
surpasses the loss modulus of the suspension. The results show that aqueous monomer
suspensions containing 8wt% CNC cure within approximately 12.5 seconds. The addition of
~2 wt % SPIONs to this CNC suspension was found to increase this timescale to 35 seconds,
which is explained by the high light absorption characteristics of the iron oxide particles
(Figure 5.2a, b). Because of the longer timescale required to polymerize the SPION-
containing droplets, their residence time in the tube was increased by at least a factor of 3
compared to those typically employed for the preparation of SPION-free particles. This was
accomplished by using a collecting tube with up to 30 cm in length.

The in-situ stretching of droplets inside the smaller-diameter tube enables the
preparation of microparticles with controlled aspect ratio after the polymerization step. By
varying the flow rate of the continuous phase and using tubes with diameters of 0.20 and
0.28 mm, we obtained anisotropic microparticles with aspect ratio covering a broad range
between 1.6 and 12.9 (Figure 5.2c, Figure D. 3, Figure D. 4 and Table D. 1). The alignment of
CNCs inside such droplets leads to microparticles with strong birefringence response (Figure
5.2d). This is readily observed when microparticles are placed in a light microscope under
cross polarizers. Depending on the orientation of the microparticle relative to the direction
of the polarizer/analyzer, distinct intensities of light are transmitted through the CNC-laden
material. As expected, maximum intensity is observed when the microparticle is oriented at
an angle of 45°, whereas full extinction of light is found when the microparticle’s long axis
coincides with the direction of the polarizer.?’ If the droplets are intentionally made long
enough to generate curved microparticles after polymerization, both dark and bright regions
can be observed in the same microparticle under cross polarizers. (Figure 5.2d). For
comparison, the polymerization of droplets that were not stretched in the microfluidic tube
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led to spherical microparticles with ill-defined optical transmittance under cross-polarizers
(Figure D. 5).

Besides the unique birefringent optical properties, the presence of SPIONs in the
CNC-laden microparticles makes them responsive to an external magnetic field (Figure 5.2e).
When immersed in a fluid, the microparticles can be deliberately oriented along the
direction of the imposed uniform magnetic field. Changes in the field direction lead to re-
alignment of the microparticles within a timescale that depends on the viscosity of the
surrounding fluid as well as the dimensions and the magnetization of the particle (Figure
5.2f). Alignment experiments using aqueous solutions with different concentrations of
glycerol show that the timescale needed for particle re-orientation is linearly proportional to
the viscosity (77) of the fluid for 77 values in the range of 0.01 — 0.05 Pa.s. This scaling suggests
that the rotational motion of the investigated microparticle is controlled by the viscous
forces exerted by the fluid, as expected in a dampened mechanical system.
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Figure 5.2 Polymerization kinetics of CNC-laden suspensions and magnetically-responsive birefringent microparticles. (a)
Oscillatory rheological measurements used to quantify the polymerization kinetics of aqueous suspensions containing
CNC nanoparticles, monomers and initiator in the presence or not of superparamagnetic iron oxide nanoparticles
(SPIONSs). (b) Effect of 2 wt % SPIONSs on the timescale required for curing of the suspensions under UV light. (c) Examples
of anisotropic microparticles with different aspect ratios produced through elongation of the liquid droplets. (d) Cross-
polarized optical microscopy of CNC-laden microparticles, indicating the birefringent properties arising from the presence
of aligned cellulose nanocrystals. (e) Magnetic orientation control of microparticles loaded with CNCs and SPIONs. The
vector B indicates the direction of the external magnetic field. The inset image shows the macroscopic setup used for
magnetic manipulation, in which a permanent magnet is positioned on the side of a tray containing suspended
microparticles. (f) Averaged timescale needed to magnetically change the orientation of the microparticle suspended in
fluids of distinct viscosities. The inset image shows an example of the raw data obtained in such an experiment for
particles under a magnetic field of 5170 A/m.

We exploit these combined magnetic and birefringent responses to create functional
microparticles that can translate magnetic into optical signals. To demonstrate this
functionality, we designed an experiment in which we record the light transmitted through a
single microparticle when it is exposed to a rotating input magnetic field between cross-
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polarizers (Figure 5.3). In this setup, the microparticle is suspended in an agueous-based
Newtonian fluid with tunable viscosity. The rotating magnetic field was applied using a set of
solenoids assembled around the sample holder under an optical microscope (Figure 5.3a).%%
3 Input currents with sinusoidal wavefunction of frequency @mq.g and pre-defined offsets
were applied to the solenoids to create the rotating external field. The input rotating field
was represented by the variation of its x- and y-components over time, whereas the output
signal was obtained by tracking the light transmitted through the magneto-responsive
microparticle. Snapshots of the microparticle taken during a quarter of a full period
(0.25/ mag) show that full brightness occurs when the long axis of the particle lies at an
angle of ©t/4 relative to the axes of the polarizers (Figure 5.3b). Plotting the intensity of the
transmitted light over two full rotations nicely demonstrates the ability of the functional
microparticle to translate a magnetic input signal into a well-defined optical output (Figure
5.3c, d). Because a bright light signal is observed in every quarter of a full period, the output
optical signal oscillates at a frequency @, that is 4 times higher than that of the rotating
magnetic input (@Wmag)-
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Figure 5.3 Magneto-optical coupling enabled by the CNC-laden birefringent microparticles. (a) Experimental setup used
for optical imaging of an individual microparticle when subjected to a rotating in-plane magnetic field. > (b) Cross-
polarized optical images obtained from an individual microparticle at distinct magnetically-controlled orientations. (c)
Temporal evolution of the magnetic field used as input signal to move the suspended CNC-laden microparticle. In this
example, an oscillating frequency (@) of 0.45 Hz was used. A low magnitude magnetic field in the out-of-plane
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direction (B,) helped counteract the gravitational force and thus keep the microparticle suspended in the fluid. (d)
Optical response of the microparticle subjected to the oscillating magnetic field shown in (c). This output optical signal
corresponds to the total intensity of light transmitted through the cross-polarizers. Roman algorisms are used to
correlate the optical data with the snapshots displayed in (b).

Coupling between the magnetic and optical signals is observed as long as the rotating
magnetic field of fixed amplitude is sufficiently slow to allow for the microparticle to follow
its motion (Figure 5.4a). That is because the suspending fluid exerts a drag force that
opposes the motion of the microparticle along the rotating magnetic field vector. Due to this
drag force, the oscillating optical output lags behind the imposed magnetic input signal. The
resulting phase lag increases with the increase in the frequency of the applied magnetic field
until a critical frequency @mqg,c, also called “step-out” frequency, is achieved. At the step-out
frequency, the microparticles can no longer follow the imposed magnetic field, leading to
decoupling between the magnetic and optical signals. For CNC-laden magnetic
microparticles suspended in water, such decoupling was experimentally observed to occur
when the frequency of the applied magnetic field reaches approximately 0.55 Hz (Figure
5.4a).

The critical frequency @megc depends on the physical forces acting on the
microparticle under the imposed magnetic field. Assuming the motion of the microparticle in

the coupled regime to be dominated by magnetic and viscous drag forces, one can estimate

the critical frequency @mqg,c from a simple torque balance, as follows: 32,33

- = Mox*H§ Eq.1
maeC 18(f /fon(x + 2) '

where Hp is the amplitude of the applied magnetic field, y is the magnetic susceptibility of
the microparticle, 7 is the viscosity of the suspending fluid, 4 is the magnetic permeability
of free space (np = 4m=10"7 H/m) and f/f, is the Perrin friction factor. The magnetic
susceptibility, y, is given by yd, where yr and ¢ are the magnetic susceptibility and the
volume fraction of SPIONs, respectively.

To test the validity of this simple torque balance in describing the dynamics of the
CNC-laden microparticles under a rotating magnetic field, we use the above relation to
predict the magnetic susceptibility of the SPIONs (yz) based on experimental measurements
of the other relevant parameters (Appendix D4). Our calculation lead to a yj value of 21.2,
which agrees very well with the SPION magnetic susceptibility of 21 previously reported in

32

the literature. ™ This indicates that the motion of the microparticle seems to be indeed

controlled by a balance between magnetic and viscous forces.
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The torque balance above also predicts an inverse dependence between the critical
frequency, @mag and the viscosity of the suspending fluid, 7. This offers the possibility to
predict the viscosity of a fluid using the CNC-based microparticles as microrheological
probes. To demonstrate this functionality, we measured the critical frequency for an
individual microparticle suspended in a series of fluids of distinct viscosities (Figure 5.4b-d).
The experimental results show a two-fold decrease in the critical frequency when the fluid
viscosity is increased from 0.9 to 2.1 mPa.s. Plotting the measured data in a double
logarithmic graph, we find that the critical frequency scales with 77%85, Such scaling is
reasonably close to the relation wmag,c~n_1 expected from the torque balance, suggesting
that this simple analytical model provides a good first approximation of the viscosity of the
suspending fluid. Although our experimental demonstration is focused on the steady-state
analysis of simple Newtonian fluids, more sophisticated models and experimental protocols
can be envisioned to assess the microrheology of complex fluids using our magneto-optical
probes. By measuring for example the phase-lag of the microprobe when subjected to small
oscillatory strains, the proposed magneto-optic microparticles can potentially be used to
remotely assess the viscoelastic properties of fluids.
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Figure 5.4 Correlation between optical and magnetic signals when CNC-laden microparticles are used as rheological
microprobes. (a) Linear relation between the frequency of the input magnetic signal and the frequency of the optical
output data up until the critical frequency @y, is reached. In this example, microparticles containing 8 wt% CNCs and 2
wt% SPIONs are suspended in water and are optically imaged while exposed to an oscillating magnetic field of increasing
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frequency. (b) Magneto-optical frequency correlation for an individual microparticle suspended in aqueous solutions
with different glycerol concentrations. (c) Dependence of the critical frequency @4, On the viscosity of the glycerol-
containing aqueous solutions. (d) Double logarithmic plot showing the scaling relation between the critical frequency
and the viscosity of the suspending fluid.

5.4 Conclusions

Magnetically-responsive birefringent microparticles with unique magneto-optical
coupling properties can be created from liquid droplet templates in a microfluidic platform.
Such functional microparticles are made through the elongation followed by polymerization
of water droplets loaded with cellulose nanocrystals (CNCs), superparamagnetic iron oxide
nanoparticles (SPIONs) and a reactive monomer system. The birefringent properties of the
microparticles result from the flow-induced alighnment of the CNCs during elongation of the
droplets in a microfluidic tube. In addition to birefringence, anisotropic microparticles with
tunable aspect ratio can be produced by controlling the degree of droplet elongation after
emulsification. The microparticle’s magnetic response arises from the presence of iron oxide
nanoparticles in the initial droplet template. The use of a small SPION concentration of up to
2 wt % leads to strong magnetic response while keeping light absorption by the iron oxide
sufficiently low to not affect the photopolymerization process. When suspended in a fluid,
the resulting microparticle can be magnetically manipulated using relatively low external
fields, providing a unique mechanism to remotely control light. Because of their combined
magnetic and birefringent properties, the microparticles are able to directly translate an
oscillating input magnetic stimulus into an output optical signal with well-defined frequency.
This coupled response is valid up to a critical frequency, above which high viscous forces
prevent the microparticles from rotating with the external magnetic field. The magneto-
optical coupling effect at sufficiently low frequencies allows one to exploit the microparticles
either to modulate optical data or to sense the local rheological properties of a fluid using a
remote external magnetic field. This functionality may find interesting applications in display
technologies, micro-rheological analysis and camouflaging systems.

5.5 Experimental methods
5.5.1 Materials

The monomers acrylamide (M,, = 71.08 g/mol) and N,N’-methylenebisacrylamide (M,
= 154.17 g/mol) were purchased from Fluka BioChemika. Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone  (HHMPP -  Irgacure  2959), hexadecane (99 %),
trimethoxy(octadecyl)silane (ODTMS — 90 %) and butylamine (99 %) were acquired from
Sigma Aldrich. Polyglycerol-polyricinoleate (PGPR — Nutrition Biosciences) was obtained from
DuPont, whereas the superparamagnetic iron oxide nanoparticles (SPIONs, type EMG 605)
were purchased from FerroTech. Cellulose nanocrystals (CNCs 0.98 wt% sulfur content) were
prepared via sulfuric acid hydrolysis of eucalyptus pulp at the USDA Forest Service — Forest
products Laboratory (Madison, WI), according to a previously published procedure.*
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5.5.2 Preparation of CNC suspensions

The aqueous suspensions used to generate the magnetic and birefringent
microparticles contained water, CNCs, monomers, photoinitiator and SPIONs. The
concentration of CNCs in these suspensions was varied between 6 and 10 wt%, whereas the
total amount of monomers was held constant at 25 wt % of the total suspension mass.
Suspensions were prepared by first adjusting the pH of deionized water to 9 by adding 0.1 M
solution of NaOH. This was required to ensure the colloidal stability of the SPIONs in the
aqueous suspension. SPIONs were then incorporated by adding 2 wt % of EMG 605
suspension to the aqueous solution, followed by homogenization for 5 min in an ultrasound
bath. The CNCs were added to the suspension using a speed mixer running at 2500 and 3500
rpm for 5 min at each speed (model DAC 150.1 FVZ). A monomer mixture comprising 21 wt
% acrylamide and 4 wt % bis-acrylamide was afterwards added to the suspension, followed
by another mixing step. Before filling the syringe used for microfluidic emulsification, 0.05
wt% of initiator (Irgacure 2959) was added to the suspension using a conditioning mixer
(Thinky ARE-250) for 5 min at 2000 rpm followed by a 5 min degassing mixing at 2200 rpm.

5.5.3 Microfluidic emulsification

Glass capillary microfluidic devices were prepared according to established
procedures previously reported in the literature.’® Microfluidic emulsification was
performed using an aqueous suspension of CNCs, SPIONs, monomers and initiator as inner
phase. Droplets of such aqueous suspension were created by operating the device under
flow-focusing dripping conditions using hexadecane as outer oil phase. The surfactant PGPR
was added to the oil phase to stabilize the water-in-oil emulsions. The dimensions of the
cylindrical glass capillaries were adjusted depending on the composition of the aqueous
phase used as inner phase. For suspensions containing 6 wt% of CNCs, emitting and
collecting capillaries with diameters of 226 um and 435 um, respectively, were used. These
inner capillaries were assembled inside a squared outer capillary, keeping a distance of 69
pum between each other. Suspensions prepared with 8 and 10 wt% of CNCs were emulsified
in devices featuring emitting and collecting capillaries with diameters of 223 um and 320
um, respectively. In this case, an inter-capillary spacing of 50 um was utilized. The capillaries
were hydrophobized using a solution of toluene containing 2 wt % ODTMS and 0.2 wt %
butylamine. The ends of the emitting and collecting capillaries were connected to
poly(tetrafluoroethylene) (PTFE) tubes with inner and outer diameters of 0.8 mm and 1.6
mm, respectively (Bola S1810-10). The inner and outer fluids were injected into the
capillaries with the help of syringe pumps (Harvard apparatus). The flow rates of the inner
and outer fluids were adjusted to ensure emulsification under dripping mode. The cylindrical
PTFE tube used for droplet elongation displayed an inner diameter of 0.20 mm (Bola S1810-
02) or 0.28 mm (Scientific commodities Inc., BB31695-PE). Such tube was wound into a spiral
geometry and made long enough to ensure polymerization of the aqueous phase before exit
of the droplet into a collecting bath. The spiraled tube was kept in a closed chamber
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equipped with a UV light source for photopolymerization (365 nm wavelength, Omnicure
Series 100, APM Technology, Switzerland). Care was taken to reduce the curvature of the
spiral for the preparation of high aspect-ratio particles, which otherwise would keep the
curved geometry of the tube. The spiral was partially submerged in cold water to avoid
melting of the tube under UV light. The microfluidic setup was covered with aluminum to
protect it from light and thus premature curing of the droplets. The particles were collected
in an hexadecane bath, washed with deionized water and filtered with a metallic mesh of 50
pMm pore size. The cured particles were rinsed several times prior to storing in deionized
water.

5.5.4 Microscopy and image analysis

Polarized light images of the as-prepared microparticles were obtained with an
optical microscope (Leica and Zeiss Axioplan) and were analyzed with Image) (Fiji software,
Win64-bit). The alignment of CNCs inside the microparticles was assessed by rotating the
sample holder from 0 ° to 45 °.

5.5.5 Rheology
Curing kinetics

Rheological measurements were performed to assess the curing kinetics of the
aqueous suspensions containing 6 and 8 wt % CNCs with and without SPIONs. By using a
rheological stage that allows for the transmission of UV light, measurements were
conducted while the suspension was photopolymerized. The storage and loss moduli of the
suspension were determined from oscillatory shear measurements with a fixed amplitude
strain of 1% and frequency of 1 rad/s at 20 °C. Data were collected every 2.5 seconds for up
to 10 minutes using a plate-plate geometry with 50 mm diameter and 0.5 mm gap distance
between the plates. The UV light was turned on 60 seconds after the start of the
measurement and the samples were kept under illumination until the end of the
experiment.

Viscosity of the suspending fluids

The viscosity of the glycerol aqueous solutions used to suspend the functional
microparticles was measured by steady-state shear rheology in a double gap cylindrical
setup. Measurements were conducted by applying a shear rate sweep between 0.01 and 10
1/s with log-spaced intervals and 5 data points per decade. An equilibration time of 10
minutes was used before the start of each experimental run. Experiments were carried out
at 20 °C until a total of 16 data points was collected. Aqueous solutions containing glycerol
concentrations ranging from 10 to 90 wt% were characterized.
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5.5.6 Magnetic manipulation of microparticles

The timescale required for alignment of the functional microparticles under an
external magnetic field was assessed by suspending them in aqueous solutions with varying
glycerol concentrations ranging from 10 to 50 wt%. After positioning the external magnet,
the motion of the microparticle was tracked in an optical microscope (Leica, DMIL LED).

The dynamics of the microparticle when exposed to a rotating magnetic field was
characterized using a set of solenoids (Magnebotix MFG100-1) mounted on an optical
microscope (Nikon Eclipse Ti2). The amplitude of the applied magnetic field was fixed at 25
mT, whereas the rotation frequency was varied between 0.01 Hz to 1 Hz.
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Conclusion

The alignment of cellulose-based building blocks revealed to be crucial to control
both optical and mechanical properties of the resulting composite. Understanding how shear
and extensional forces impact the alignment of anisotropic nanoparticles allowed us to
fabricate structured composites in the form of complex-shaped bulk objects or functional
magneto-optic microparticles. In the case of bulk objects, the alignment of cellulose
nanocrystals and wet densification of 3D printed parts greatly increases the solid content of
reinforcement without the use of surfactants and chemical modification, thus enhancing the
mechanical performance of the host matrix by 3 orders of magnitude. For the microparticles,
the alignment of cellulose nanocrystals inside droplets made it possible to benefit from the
cellulose’s optical birefringence at a larger scale by creating rheological microprobes and
optical modulators that remotely couple light transmission with external magnetic fields.

The alignment dynamics of cellulose nanocrystals suspended in a liquid was
investigated under the effect of shear and extensional forces using polarized optical imaging
and X-ray scattering techniques. By coupling a polarized light microscope to a rheometer, we
were able, for the first time, to describe quantitatively the temporal alignment behavior of
optically-active cellulose nanocrystals in concentrated suspensions upon application of
steady or oscillatory shear stresses. In such concentrated suspensions, the cellulose
nanocrystals form liquid crystal domains that can be directly visualized under the polarized
light microscope. As expected, the sizes of liquid crystalline domains and their responses to
shear stresses are strongly dependent on the concentration of cellulose nanocrystals. Using
this method, we show that the time required for alignment scales inversely with the shear
rate and directly with the particle concentration. Additionally, the scaling of the alignment
time with the applied shear was found to be different at low and high shear rates. The
appearance of two different scaling domains can be a consequence of the increased particle
interactions when the concentrated CNC suspensions are subjected to high shear rates. This
study provides important insights about the dynamic alignment behavior of anisotropic
particles in concentrated suspensions under shear stresses. Because of the shear stresses
developed inside extruding nozzles, it provides new design criteria to maximize the
alignment degree of particles during the extrusion-based 3D printing process.

In addition to the shear forces generated next to the capillary walls, extensional
forces also play a significant role in the alignment of anisotropic particles during 3D printing
processes. To quantify the contribution of such forces during printing, we studied the
alignment dynamics of these nanoparticles using a combination of multiple X-ray scattering
techniques. The development of an X-Ray transparent extrusion stage enabled us to
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measure in-situ the alignment dynamics of CNC-based inks at different concentrations. The
experimental results revealed that extensional forces generated at cross-sectional
constrictions of the cartridge system contribute to high extent to the alignment of CNCs in
the center of the capillary, whereas shear forces enhance alignment close to the capillary
walls. Because extensional forces develop primarily at the entrance of the capillary and
shear forces develop along the capillary length, the region of the ink exhibiting strongest
particle alignment shifts from the center to the walls as the suspension travels through the
nozzle. Although high CNC contents are required in these inks to adjust the rheological
properties and enable effective 3D printing, they lead to a significant reduction of the
contribution of shear forces on the alignment dynamics, as most of the volume of the
material undergoes plug flow during extrusion. In agreement with the predictions shown in
Chapter 3, we show through high-resolution 2D SAXS that indeed only a small volume
fraction of the extruded ink has its alignment degree affected by shear forces during the
extrusion process. Understanding the importance of extensional forces resulting from
changes in needle cross-section not only can lead to the design of novel needle geometries
but also to the development of microfluidic systems that exploit these extensional forces to
align CNCs in programmable composite architectures.

3D printing of highly-loaded cellulose composites remains a challenge in the scientific
community, which has limited its broader application in industry. This challenge is mainly
due to the difficulty to disperse cellulose particles within the polymer matrix and the
prohibitively high viscosity that results from this poor dispersion. Extensive mixing, the use
of surfactants or chemical modification are often required to improve the dispersability of
cellulose particles in the polymer matrix. However, cellulose-based inks with concentrations
higher than 20 wt% were found to require prohibitively high pressures to be printed via
direct ink writing process when combined to polymerizable monomer systems. The 3D
printing process followed by a wet densification step developed here allowed us to print
cellulose-based scaffolds in water at a CNC content of 20 wt %, which are subsequently
further densified to reach a final cellulose concentration of 37 wt %. This densification is
achieved by plunging the sample in a poor solvent mixture that increases the interactions
between the CNCs particles, thus inducing isotropic shrinkage of the printed structure. We
introduced an additional infusion step after the densification process that allowed us to
produce cellulose-based composites with unprecedentedly complex geometries and tunable
mechanical properties. The final properties of the composite can be determined by the
choice of polymer/monomer system utilized during the infusion. This allows us to prepare
either strong composites or very soft hydrogels. Consequently, the wet densification of
cellulose scaffolds developed in this study offers a versatile solution to the production of
complex-shaped cellulose composites with tailored mechanical properties and compositions.

The alignment of CNCs under shear stress and extensional flow was also extended
beyond the scope of 3D printing applications to create functional anisotropic microparticles
from droplet templates. In this study, birefringent magnetically-responsive microparticles
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were prepared by incorporating an extensional flow element in a microfluidic emulsification
platform. Aqueous micro-droplets loaded with CNCs, superparamagnetic iron oxide
nanoparticles (SPIONs) and a reactive monomer system were fabricated using a double
emulsification setup. The initially spherical droplets were subsequently deformed by
reducing the cross-sectional area of the collecting tube and polymerized under UV-light to fix
the flow-aligned CNCs and the resulting anisotropic shape of the microparticles. The addition
of cellulose and superparamagnetic nanoparticles to the system leads to microparticles with
two main functionalities. First, the alignment of individual CNCs by extensional forces at the
micro-scale makes the microparticles optically birefringent. Second, the presence of SPIONs
provides magnetic response to the resulting microparticles, allowing us to remotely control
their position and orientation at the macro-scale. Taking advantage of the anisotropic optical
properties of cellulose nanocrystals and the anisotropic shape of the SPION-laden
microparticles, a direct correlation can be established between the optical and magnetic
responses of the microparticles. Under a rotating magnetic field, the multifunctional
microparticles can be used to probe the rheological properties of the suspending medium or
to modulate the intensity of polarized light. Aside from this specific example, our
microfluidic platform offers a versatile approach to the production of textured anisotropic
micro-particles, which can be applied to a wide choice of polymer and particle systems.
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Chapter 7.

Outlook

Over the last years, the interest on cellulose-based materials has been growing,
mostly driven by environmental concerns related to our current lifestyle and the sustainable
nature of cellulose. In addition, their great mechanical properties as well as their bio-
compatibility are making cellulose an ideal candidate for various fields such as bio-medical
applications, packaging, and electronics, among others. To meet the requirements of
different applications, it is essential to understand and control the processing parameters
that determine the structure and properties of cellulose-based materials. Throughout this
thesis, the alignment of cellulose nanoparticles under shear and extensional flow was
experimentally studied and novel techniques to develop cellulose-based materials with
textured architectures were proposed. Despite the significant contribution of this study, the
renewable nature of cellulose resources and the versatility of the printing and emulsification
processes explored open several other possibilities for the controlled fabrication of
sustainable cellulose-based materials. Below, we propose specific research topics that could
be pursued in further studies to better understand or exploit some of the phenomena and
processes discussed in this thesis.

Understanding and controlling the alignment of cellulose nanocrystals is a topic that
deserves further attention in future work. The alignment of cellulose nanocrystals was
investigated in this thesis using rheology coupled with optical imaging and X-ray scattering
techniques to evaluate the role of shear and extensional flows on particle orientation in two
specific plate-plate and capillary geometries. Combining rheology, imaging and scattering
techniques in one in-situ measurement set-up could be an interesting approach to observe
and better quantify the rheology and alignment behavior of nanocellulose network. Such a
setup would enable one to combine the large-volume sampling advantage of scattering
techniques with the particle-level structural information offered by imaging analysis.
Furthermore, other flow geometries should be considered. For example, the capillary system
used for the X-ray study induced strong extensional forces to the material prior the entry of
the capillary. These extensional forces markedly influenced the alignment of CNC particles,
as shown in the experiments performed in transparent glass capillaries (chapter 2 and 3). In
order to better understand the alignment of cellulose particles under the flow profile
imposed solely by the capillary, the alignment history of the sample should be completely
erased. This could be obtained by increasing the cross section of the capillary prior to the
measurement area, taking advantage of the resulting diverging flow to erase any prior
alignment (chapter 2). We already explored the feasibility of this erasing strategy in the
study that combined rheology and polarized optical microscopy. Additionally, the study
could be extended to other cellulose/polymer systems to evaluate the effect of viscosity and
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interparticle interactions in other polymer systems on the alignment dynamics of CNC
particles. Since the geometry of the extrusion system and the rheological properties of the
material strongly influence the degree of alignment, future work should also explore the
possibility of controlling particle alignment “on-the-fly” using a printing nozzle with
reconfigurable geometry. The resulting shear and extensional forces induced by the needle
geometry could be exploited to control and vary the alignment of cellulose nanoparticles
within the printed filaments. To this end, one could design needles with integrated flexible
membranes that would allow for local changes of the nozzle cross-section. This flexible
membrane could be actuated using hydraulic systems, for example. Such an approach would
vary the extensional forces at that specific section and influence the resulting alignment of
the extruded material. Additionally, by limiting the alignment to the walls through plug-type
flow in an un-tapered nozzle, it should be possible to produce core-shell structures with an
even stronger alignment contrast compared to that shown in the thesis. These core-shell
structures would present an aligned shell with a randomly organized core. This multi-
structural printed filament could have optimized strength and crack deflection properties, as
demonstrated in previous research.’

3D printing is a game-changing technique for certain niche applications in biomedical
technologies, aeronautics, electronics and rapid prototyping, where small quantities or
highly customized products are required. Furthermore, the additive nature of 3D printing
processes provides the potential to create composites with defined multiscale architecture
for structural, functional or optical applications. Since cellulose-based building blocks can be
used as feedstock in 3D printing systems, these opportunities has recently awakened the
interest of the cellulose community. In fact, the main challenge for many applications
involving cellulose nanocrystals as reinforcing building block lies on the combination of both
control over the orientation of these nanoscale particles and the fabrication of complex
three-dimensional structures. Combined to the biocompatible and renewable properties of
cellulose, niche domains such as the medical field might very well profit from research on
this topic. For example, the production of patient-specific implants for regenerative
medicine are currently limited by the choice of materials. Therefore, an interesting
application is the production of cellulose-based implants for cartilage regeneration. Current
tissue engineering solutions are not resorbable and usually remain in the body unless they
are removed by another surgery. Furthermore, they do not, or in a very limited way,
promote cell regeneration. It has long been shown that cells survive and proliferate well in
hydrogel-like materials containing the right culture medium.” ®> However, hydrogels have
usually relatively weak mechanical properties on the order of a few kPa, whereas cartilage is
stronger and presents anisotropic microstructure and mechanical properties gradients to
better respond to the dynamic loading conditions in the human body. The combination of
cellulose with a 3D printable bio-degradable hydrogel system might allow for the
reconstruction of missing cartilage parts with defined mechanical properties via precise
spatial distribution of cellulose particles. The biodegradable constituents of such hydrogel
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could later be resorbed by the surrounding tissue while cells regenerate the original cartilage
and cellulose is excreted by the body.

Beyond complex-shaped cellulose parts, the wet densification process of 3D printed
scaffolds proposed in this thesis can potentially be explored with other nanoparticle
compositions to generate composites for a multitude of other applications. As the system
suggests, the approach is not limited to cellulose but can be further extended to any nano-
scaled material. The main requirement of this densification approach is to find combinations
of poor and good solvents to obtain a considerable densification of the printed scaffold
without causing redispersion of the constituent building blocks. The major advantage
noticed during the process is the ability of cellulose to form strong interparticle hydrogen
bonds, which contribute significantly to the cohesion of the structure when immersed in a
non-solvent. This cohesiveness might also be achieved with other nano-particle systems.
Depending on the nanoparticles used, the wet densification conditions of the printed
samples may depend on their surface chemistry and the nature of the interactions among
the nanoparticles as well as other processing parameters relevant during drying, sintering or
wet-infusion. In preliminary experiments, the possibility to densify ceramic materials such as
silicium, zirconium or aluminum oxides was investigated following the same approach shown
in chapter 4. The wet densification of scaffolds of silica particles showed promising results.
The major limitation faced with these oxide nanoparticles, as compared to cellulose, is the
development of strong repulsive inter-particle interactions, which presumably result in
sample cracking upon sintering. Therefore, the application of the wet densification route to
oxide nanoparticles still requires extensive research and optimization. In contrast to fully
sintered oxide scaffolds, the preparation of polymer-based composites is an attractive
alternative to circumvent these cracking issues. For example, any prior problems related to
the formation of aggregates and the homogeneous dispersion of the cellulose in the polymer
matrix can be avoided if the cellulose scaffold is first 3D printed from aqueous-based inks
and later infused with a suitable monomer system after being printed and densified. In this
case, the interface between matrix and reinforcing cellulose elements might require further
investigation as such interactions are crucial to enhance the mechanical performance of the
final composites. An interesting approach in that direction would be to compare 3D printed
cellulose parts exhibiting different interfacial adhesion properties with the same polymer
matrix. For this purpose, cellulose particles with prior chemical modification could be utilized
and compared to a pristine reference sample. Additionally, the type of interfacial adhesion
(covalent, irreversible or supramolecular) and the resulting properties on the final composite
structure could be investigated. A better understanding of the interactions between
cellulose and the polymer matrix would enable the fabrication of composites with enhanced
load transfer ability and consequently improved mechanical properties. Further research on
this topic can potentially enable the production of a wide range of cellulose-reinforced
materials where one could envision for example the integration of self-healing molecules at
the cellulose-matrix interface. These self-healing properties can result from supramolecular
interactions such as reversible hydrogen or ionic bonding. Such materials might exhibit
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enhanced mechanical performance because of the reconfigurable nature of cellulose-matrix
interface. This reconfigurable interface could lead to prolong the lifetime of the composite,
as the properties can be restored to a certain extent if the material is damaged. That
prospect is of interest for applications where the composite part is difficult to access once
implemented, such as in biomedical implants.

The production of cellulose-laden microbeads or particles also has attracted growing
interest for various applications, such as in the stabilization of Pickering emulsions or in
model experimental systems for the study of structural reorganization of individual particles
in confined environments.* > In contrast to the bulk emulsification routes typically used to
create such systems, the microfluidic approach used in this thesis is a powerful tool to
ensure the reproducible preparation of complex monodisperse droplets and microparticles.
This was demonstrated by producing both anisotropic and micro-textured cellulose-laden
microparticles. Although limited by the low throughput, major efforts have been invested in
making microfluidics more efficient and up-scalable. The possibility demonstrated in chapter
5 to create nanocellulose-containing anisotropic particles which are magnetically responsive
and exhibit birefringent optical properties opens novel applications for magneto-optic micro-
rheology and magnetically-controlled light modulation. Additionally, preliminary work
showed that these magnetically-responsive microparticles can also be used as local
reinforcements when dispersed in a polymer matrix. Such a composite would present a
hierarchically-organized microstructure with aligned CNCs and microparticles at the nano
and micro-scale, respectively. Alternatively, when dispersed in hydrogel matrices, the
alignment and positioning of the microparticles can be remotely controlled with magnetic
fields prior to the cross-linking step. The resulting hydrogel would exhibit anisotropic
swelling response when submerged in a liquid medium due to the tailored orientation of
individual microparticles, which should constrain the swelling of the hydrogel along specific
directions. Preliminary results obtained in this thesis support this hypothesis. However, the
uniform distribution of microparticles within the hydrogel still remains challenging. Such
textured hydrogels could also be explored in biomedical applications, by adding chemicals
for controlled drug release. Using different concentrations of cellulose to control the release
kinetics of various drugs, these textured microparticles could not only serve as
reinforcement for the hydrogel implant, but also as cargo system for the delivery of specific
drugs or nutrients.” ” These cargo molecules could, for example, promote the regeneration
of the original body tissue, avoid infections or reduce the risk of rejection. In addition to the
dispersion of the microparticles in the polymer matrix, the printability of these cellulose-
reinforced microparticles using a direct ink writing system was also briefly explored during
this thesis. By adjusting the needle diameter to avoid clogging, printed structures with
oriented anisotropic microparticles were successfully obtained. Because of the high yield
stress required for direct ink writing, the microparticles could not be magnetically-oriented
out of plane with respect to the printed line. It would however be of interest to further
explore the possibility to magnetically orient them in this printed 3D structure independently
of the extrusion orientation. One could potentially use stronger magnetic fields or
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alternatively develop a system comprised of a more viscous ink that serves as a mold and of
a less viscous medium containing magnetically-response particles. Because the throughput
of the microfluidic capillaries used in this work is still relatively low, this research direction
would require the use of more efficient emulsification approaches to create larger amounts
of textured microparticles. Despite this throughput limitation, the microfluidic approach we
utilized to produce anisotropic microparticles is not limited to cellulose-containing polymer
systems and can also be applied to various other polymers to generate microparticles with a
wide size and compositional range. The size of the microparticles obtained in this work was
relatively large, ranging from 400 to 2000 um in length, depending on the choice of material
added to the templating droplets. It is however possible to decrease the droplet size and the
resulting anisotropic microparticles size by producing microfluidic glass or PDMS devices
with smaller features and respectively a smaller deformation section. However, viscosity and
prohibitive pressures will limit the minimum feature that is possible to achieve. Besides
broadening the size range of the microparticles, it would also be of interest to create
microparticles with core-shell structures using double emulsions made in step emulsification
devices. In these devices, different polymer systems could be studied and possibly combined
or cured using different light sources. This can find potential use in applications that require
multiple controlled cargo release, if the polymer in the outer shell is designed to exhibit self-
healing properties. Indeed, microfluidics offers an enormous playground in terms of possible
material combinations and microparticle structure. Our magnetically-responsive cellulose-
based anisotropic micro-particles are just one example of the many multifunctional systems
that can be created using this technology.

To conclude, with every scientific discovery, simple questions are answered and
multiple new ones are to be solved. Inspired by the hierarchical materials found in nature, in
this thesis we started to understand how we can play with materials at the nano-scale and
worked our way to the macro-scale. However, there is still a lot of room for research and
scientific discoveries, which will eventually lead to new materials and processes based on
sustainable natural resources. | hope that part of the concepts we explored in my thesis will
spark new ideas and | am looking forward to follow the future development in the world of
cellulose-based materials and beyond. The only limit is your creativity.
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Appendix A

Appendix to “Dynamics of Cellulose Nanocrystals Alignment
during 3D Printing”

Appendix Al: Morphology of cellulose nanocrystals and phase transition of
CNC suspensions

Figure A. 2 Cellulose suspensions with different CNC concentrations under cross-polarizers. Liquid crystal domains are
observed at CNC concentrations above 8wt%. CNC concentrations from left to right: 5, 6, 7, 8, 9, 10 wt %.
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Appendix A2: Yield stress measurements

Figure A. 3 shows the effect of (a) the parallel plate gap size and (b) the measuring
time at each applied stress on the yield stress of a 20 wt % CNC ink. As the measurements
did not show a notable effect of these measuring parameters, the parallel plate gap and the
measuring time were fixed at 0.2 mm and 25 s, respectively, for all the reported yield stress
data.
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Figure A. 3 Yield stress measurements performed at different (a) parallel plate gaps (in mm) and (b) measuring times at
each applied shear.

Appendix A3: Flow curves measured using cone-plate and plate-plate
geometries
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Figure A. 4 Shear rate sweeps from 0.01 s to 1000 s carried out using parallel plate and cone-plate geometries. An ink
containing 20 wt% CNC was used for these measurements. Both geometries had a diameter of 25 cm. The cone geometry
has an angle of 4°.



Appendix A 119

Appendix A4: Optical imaging under polarized light

Because of the anisotropic nature of cellulose nanocrystals (CNCs), the material
possesses an anisotropic ellipsoidal indicatrix. The refractive index along any direction
through the crystal can therefore be expressed as a combination of two components: the
principal refractive index (also called ordinary refractive index, ng), directed along the short
axis of the ellipsoid, and the principal extraordinary refractive index (n.), directed along the
long axis of the ellipsoid. If a linearly polarized light beam travels for example along the axis
corresponding to n., the wave front coincides with the circular section of the optical
indicatrix and no birefringence is observed, the light beam experiences only ny. For any other
propagation direction, both refractive indices have to be considered and the light is
elliptically polarized.! Such elliptical polarization allows light to be transmitted through a
birefringent material positioned between two cross-polarizers (orthogonally arranged
polarizer and analyzer). This provides a powerful tool to optically access the orientation of
birefringent particles. Taking our cellulose nanocrystals as an example, the non-preferred
orientation of the particles when suspended in a fluid lead to different colors under cross-
polarizers. This reflects the distinct orientations of the liquid crystal (LC) domains formed
above a critical concentration of particles in the suspension.2 As shear is applied through
rotation of one of the plates in a parallel plate geometry, these domains are disrupted and
the individual nanocrystals tend to orient circularly around the rotational axis of the plate
(Scheme 2.1, main text). An alternation of dark and bright regions is observed, forming a
pattern similar to a Maltese cross. The dark areas result from the linearly polarized light that
travels undisturbed through the sample parallel to one of the main indicatrices and is
eventually blocked by the optical analyzer (second polarized filter). When light propagates at
any angle laying in between both indices (ng and n.), it can cross the analyzer and the image
is observed. The intensity of the light crossing the two polarized filters depends on the angle
at which the CNCs are oriented in the samples relative to the filters. Maximum intensity is
obtained for an angle of 45 °, where the light extinction effect is minimal.

Appendix A5: Percolation threshold and yield stress of CNC suspensions

The yield stress of CNC suspensions is caused by the formation of a volume-filling
percolating network of particles. Such network is expected to form when the concentration
of particles exceeds a percolation threshold ®.. For CNCs, it has been shown that ®, can be
expressed using the following equation: 3>
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t
=
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where x is a coefficient that varies between 0.7 and 1.92 depending on the CNC surface
charges, d is the diameter of the particles, and L is the particle length. For the CNC particles
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investigated in this work we estimate a percolation threshold around 5 wt % using the
equation above.

The dependence of the yield stress (z,)) on the concentration of CNCs (®) above the
threshold @, can be phenomenologically described by the Maron-Pierce equation:®’

where 1, is a fitting parameter and @,,, is the maximal packing fraction. We used this
relation to gain further insights into the yield stress behavior of our CNC inks. The maximum
packing fraction ®@,,, depends on the aspect ratio (p) of the particles and can be estimated
using the following empirical relation proposed in the literature for filler fibers 8. 4=054—
0.0125p, where A is taken as an approximation of @,,,. For the aspect ratio of approximately
15 (given the size distribution) of our CNC particles, we obtain ®,,= 35 vol%. Taking 35 vol%
as the estimated @,,, we fitted equation (2) to our experimental yield stress data using 7, as
fitting parameter (Figure A. 5). Using 7,=98 Pa we find that the Maron-Pierce equation
describes well the vyield stress behavior of our CNC suspensions. This phenomenological
description can be used to predict with reasonable accuracy the yield stress of CNC
suspensions and complements the physical interpretation of the yield stress based on the
power law discussed in the main text (Figure 2.1c).
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Figure A. 5 Fitting of the yield stress versus CNC volume fraction using the Maron-Pierce phenomenological relation.



Appendix A 121

Table A. 1 Values displayed in Figure 2.1c of the main paper.

Volume Fraction [Vol %] Yield Stress [Pa]
6.65 31.7
10.16 126
13.81 200
17.61 398
21.55 632
25.66 2520
29.94 4220

Appendix A6: Alignment dynamics measured by polarized light imaging

The alignment dynamics of CNC inks at different shear rates and particle
concentrations was experimentally determined from slices extracted from a stack of cross-
polarized images, as explained in the main text. Figure A. 6 displays examples of different
slices obtained at fixed applied shear rates and CNC concentrations. In each slice, one can
directly visualize the time required for the alignment front to propagate from the rim of the
plate towards its center. As the local shear rate increases linearly from the center to the rim,
the alignment time at different local shear rates can be extracted from these images.
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Figure A. 6 Effect of suspension concentration and maximum shear rate on the alignment dynamics of CNC particles. The concentration of CNC particles increases from 10 to 25 wt % from top to
bottom. The shear rates applied vary from 25 s't0 250 s™. The images show the propagation of the alignment front and the critical radius that defines the non-aligned area. The time indicated refers
to the total time recorded at the given shear rate. The image sampling rate varied between 1 and 10 seconds depending on the concentration.
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The optical images also indicate the critical radius below which no alignment of CNC
particles occur. Since the mechanical properties of the printed filament scales with the area
of aligned CNC particles, it is informative to describe the alignment dynamics also in terms of
the fraction of aligned particles within the cross-section of the filament. The evolution of the
aligned area as a function of time for a 20 wt % ink subjected to different maximum shear
rates is shown in Figure A. 7 as an example.
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Figure A. 7 Progression of alignment area as a function of time for different applied maximum shear rates.
Measurements were carried out for a 20 wt % CNC ink.

Appendix A7: Effect of time and shear rate on the suspension rheology

The CNC suspensions show time-dependent rheological properties, which can be
guantified by the hysteresis of the flow curves measured at increasing and decreasing shear
rates (shear sweep) and by the time evolution of the suspension viscosity at different shear
rates and particle concentrations (Figure A. 8 a-d). The drop in viscosity as a function of time
at a given shear rate correlates with the alignment process of the particles. This is illustrated
by measurements of the normal force of the suspension under shear (Figure A. 8 a, b) and by
the optical polarized images taken during the measurements (Figure A. 8 g, f).
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Figure A. 8(a) Viscosity and corresponding normal force as a function of shear rate for a 20 wt % ink. (b) Viscosity and
normal force as a function of time for a 20 wt % ink subjected to a maximum shear rate of 150 sLA drop in the normal
force indicates shear-induced alignment of the particles. (c) Viscosity as a function of time for a constant concentration of
20 wt % measured at different shear rates from 25 s to 400 s™. (d) Viscosity as a function of time for a fixed shear rate of
150 s but varying concentration from 10 wt % to 30 wt %. (e,f) Correlation between the time evolution of the viscosity
and the alignment process captured by polarized light snapshots for (e) different maximum shear rates at a CNC
concentration of 20 wt % and (f) distinct CNC concentrations at a constant maximum shear rate of 150 st
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Table A. 2 Data displayed in Figure 2.2e of the main paper.
10 wt % 15wt % 20 wt % 25 wt %
Shear Rate | Time Std Time Std Time Std Time Std
[s"] [s] [-] [s] [-] [s] [-] [s] [-]

0 11.67 7.64 - - - - - -

1 1.67 0.58 - - - - - -

2 0.67 0.58 - - - - - -

3 0 0 - - - - - -

4 0 0 373 155.56 - -- - --

5 0 0 95.8 79.94 3689.40 | 218.97 - -
10 0 0 154 2.51 1488.00 | 396.45 - -
15 0 0 10 2.71 671.60 198.20 1495 -
20 0 0 7.875 1.65 510.00 118.15 | 1035.00 | 349.98
25 0 0 4.75 0.5 373.80 194.65 653.75 37.12
30 0 0 4 0 317.25 97.25 283.13 166.10
35 0 0 3.33 0.289 248.40 96.97 376.25 19.45
40 0 0 3 0 181.50 51.73 315.00 2.50
45 0 0 2.67 0.58 109.50 40.84 242.50 10.61
50 0 0 1.83 0.76 70.75 13.25 167.50 28.28
55 0 0 2 0 65.17 4.48 138.75 5.30
60 0 0 2 0 56.00 5.29 84.63 51.24
65 0 0 2 0 45.33 5.03 116.25 19.45
70 0 0 2 0 37.13 0.85 113.75 19.45
75 0 0 2 0 34.00 1.73 79.00 50.92
80 0 0 1 0 30.83 1.44 100.00 10.61
85 0 0 1 0 27.67 2.52 91.25 1.77
90 0 0 0.25 0.35 22.00 2.16 51.50 34.23
95 0 0 0 0 16.67 5.77 43.75 22.98
100 0 0 0 0 15.63 3.77 23.75 19.45
105 0 0 0 0 14.5 0.71 32.5 -
110 0 0 0 0 13 0 - -
115 0 0 0 0 12.5 0 - -
120 0 0 0 0 12.25 0.35 - --
125 0 0 0 0 12.2 0.28 - -
130 0 0 0 0 12.03 0.25 31.2 -
135 0 0 0 0 11.9 0.42 - -
140 0 0 0 0 11.75 0.49 - --
145 0 0 0 0 11.6 0.57 - -
150 0 0 0 0 11.25 0.35 - -
155 0 0 0 0 10.5 - - -
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160 0 0 0 0 10 - 27.5 -
165 0 0 0 0 9.2 -- - -
170 0 0 0 0 8 - - -
175 0 0 0 0 6.8 - 20 -
180 0 0 0 0 6 - - -
185 0 0 0 0 4 -- - -
190 0 0 0 0 3 - - -
195 0 0 0 0 2 - == -
200 0 0 0 0 1 - 15 -

Table A. 3 Data shown in Figure 2.2g of the main paper.

Concentration B(D)
[wt %] [-]
25 174730.50
20 41982.16
15 263.96

Appendix A8: Plug flow estimation in a 3D printing nozzle

During 3D printing by extrusion, plug flow occurs at the lower shear stresses in the
inner part of the extrusion nozzle whereas differential flow occurs at the higher stresses
closer to the nozzle walls. The analysis presented in the main text to predict the plug and
differential flow regions was carried out for a model glass capillary, which was later used to
experimentally test the predictions. Here, we present the same analysis for geometries that
are more representative of the nozzles used for 3D printing via direct ink writing.

The type of flow experienced by the fluid depends on the yield stress and the shear
stress profile across the nozzle radius. The shear stress (t) across the nozzle can be
calculated as follows: °

AP

T=ﬁ7”

Eq.3

where L is the nozzle length, r is the radial position from the nozzle center and AP is the
pressure difference applied (Figure A. 9a). According to this equation, the maximum shear
stress (T,,4) Occurs at the wall of the nozzle (r = R) and decreases linearly towards the
center of the nozzle. The radial position at which the applied shear stress is equal to the
yield stress of the fluid defines the plug flow radius, rys (Figure A. 9b).




Appendix A 127

a b

T
______ — o ____] T
L
_____________________ I
P —_— <—P2 & :
21l T .
A p------ '
— 1 ,
w I
R L 2 : :
-Na [73) 'r 'R
R e
-« »> Plug flow : Differential :
L flow

Radial position

Figure A. 9 Plug and differential flow developed within the material as it is pushed through a cylindrical tube by a
pressure difference (P,-P,). (a) Cross-section of the tube indicating the relevant geometrical parameters and the shear
stresses arising from the friction of the material with the tube wall. (b) Dependence of the shear stress on the radial
position in the tube. The material closer to the center of the tube (r < r.) will be subjected to shear stress lower than the
yield stress, leading thus to plug flow. By contrast, differential flow develops within the material that is closer to the tube
wall (r. < r < R). Figure adapted from Reed et al.’

We use equation (3) to estimate the plug flow radius for two typical nozzle
dimensions used for 3D printing. These exemplary nozzles have a diameter of 410 pm, but
different lengths. The longer nozzle has a length of 3.1 cm, whereas the shorter one is 1.75
cm long.

Figure A. 10 shows the calculated plug flow radius (rps) as a function of the yield stress
of the ink for different applied pressure differences. The yield stress of the ink depends
strongly on the concentration of CNC particles used (Figure 2.1c, main text). As expected, the
longer needle results in a higher plug flow radius. The plug flow radius can however be
decreased by increasing the applied pressure difference. An increase in the applied pressure
results in a higher extrusion rate, which requires higher needle displacement velocities.
Although higher needle velocities will reduce the printing time, too fast printing rates might
also result in a loss in resolution. Therefore, these parameters have to be optimized
according to the boundary conditions set by the resolution, speed and degree of alignment
required for the aimed application. The degree of alignment is strongly influenced by the
plug-flow radius, as discussed in the following sections.
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Figure A. 10 Variation of plug flow radius as a function of yield stress of the ink for long nozzles (Ln) and short nozzles
(Sn) at different applied pressure differences (from 1 to 4 bar).

Pressure drop along 3D quartz extrusion unit

The above analysis of the shear stress profile in the extrusion nozzle assumes that the
pressure at the entrance of the nozzle is equivalent to the external pressure applied by the
printer. Here, we show that this is a reasonable assumption for the extrusion unit typically
used for 3D printing, which is schematically shown in Figure A. 11.

The pressure at different positions along the extrusion unit can be estimated using
Bernoulli’s energy conservation law:

VE V2

where v,, h,, P,, refer to the velocity, the height and the pressure at point x= 1 or 2 along
the printer’s extrusion unit (Figure A. 11). p, g refer to the density and the gravitational
constant, respectively.

The average velocities described in this equation can be estimated using the
following relations:

_AP*T[*R4
- n*8xl

and

v
Q=7TR2*Vavg=1T*R2*7m Eq.6
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Where AP is the pressure difference, R is the radius of the capillary , | is the length and
Vin = 2 % Vgyg, Vin being the maximum velocity and Ve,4 being the average velocity.

Because of flow conservation, the flow rate at the distinct segments of the extrusion
unit are equivalent, such that: Q; = Q, = Q5.

For the typical dimensions shown in Figure A. 11, we use the above equations to
finally compare the actual pressures along the extrusion unit. Taking a 20 wt % CNC ink with
viscosity of 5 Pas as an example (Table A. 4), we conclude that the pressure at the entrance
of the nozzle (segment 3, Figure A. 11) is comparable to the pressure applied by the 3D
printer (segment 1, Figure A. 11). This demonstrates the validity of the assumption used for
the estimation of the shear stress profile across the nozzle.

P P, P

1 2 3
b = —

Figure A. 11 Schematic representation of the pressures along the extrusion unit of the 3D printer.

Table A. 4 Geometrical data from a selected extrusion unit.

Parameters Area l Area 3
Radius R1=1.26 cm R3 =0.15 mm
Length L1=10cm L3=8cm

Pressure P1 =3 bar P3 =2.999 bar
Velocity V1=2.4110""m/s V3 =0.0017 m/s
average

Appendix A9: Particle alignment in the 3D printing nozzle

The fraction of CNC particles aligned during extrusion-based 3D printing can be
estimated by determining the shear rate profile with in the nozzle (see discussion in the
main text). If the rheological properties of the ink are known, the shear rate profile across
the printing nozzle can be determined from the shear stress profile. In our analysis, the non-
Newtonian properties of the CNC inks are described using two different flow models: a
power law or the Herschel-Bulkley model. Here, we calculate the shear rate profile expected
for each one of these models and utilize the obtained results to predict the critical nozzle
radius for particle alignment (r;) for an exemplary CNC ink.
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Power law

In power law model, the viscosity of the fluid ( 77) depends on the shear rate (y) as
follows:

n=ky"? Eq.7
where k is the flow consistency index and n is the flow behavior index.

Our experimental data shows that this relation describes well the non-Newtonian
flow behavior of CNC inks containing 15 wt % (Figure 2.3b, main text) and 20 wt % of
particles (Figure A. 12c).

For a power-law fluid the velocity profile across the nozzle radius (v(r)) can be described as

follows %2

1
3n+1 Q r\1*n
”(”—n“m(l‘(ﬁ) ) Fa.8

The shear rate profile is obtained with the derivative of the above equation:

=E_ n mR3

av 3n+1i(r)%
R

y Eq.9
Because the time needed for particle alignment (t) depends on the local shear rate,
the above equation can be used to estimate the critical radius above which particle

alignment is expected (r.).

From the experimental data shown in the main text (Figure 2.2f), we know that for low shear
rates the alignment time can be reasonably described as follows:

¢ = @) Eq.10

14

where B(®) is a scaling factor that depends on the concentration of CNC particles in the ink
(Figure 2.2g).

The critical alignment radius r. can be estimated by comparing the alignment time (t)
with the residence time (t,.s) of the ink within the nozzle:

nR?L
tres = 0 Eq.11

Introducing Eq. 13 into Eg. 12 and assuming t = t,.s, we obtain:

B®) _ 3n+1 (E)% Fo.12

L nR ‘R
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By re-arranging Eq. 12, one can eventually show that:

T RB(@®)n "

£ = & Eq.13

R L(3n+1)

which quantifies the effect of the nozzle geometry (L and R) and the rheological properties of

the fluid (£ and n) on the critical alignment radius.

For a given ink composition with well-defined particle concentration (constant ), we
can expect the relative critical radius for alignment (r./R) to scale with the relative length of
the nozzle (L/R) as follows:

In (%C) ~ —nln(L/R) Eq.14

This scaling relationship highlights the fact that the critical radius alignment strongly
depends on the length of the nozzle. Such a dependence arises from the increase in
residence time with longer nozzles. The estimated thickness of the aligned CNC layer (M) falls
directly from the equations above, since A = R — 1, — 13,¢. Thus, we conclude that nozzles
with longer relative length should increase the thickness of the aligned layer.

Herschel-Bulkley model

As an alternative to the power law relation, the rheological properties of non-
Newtonian fluids may also be described by the Herschel-Bulkley model, which takes the yield

stress as an explicit fluid property.™**

In the Herschel-Bulkley model, the shear stress (7) depends on the shear rate (y) according
to the relation:

T=1, +ky" Eq.15

where 7,, is the yield stress of the fluid, k is the viscosity parameter, and n is the shear
thinning coefficient.

Fitting the equation above to our experimental data shows that the Herschel-Bulkley
can indeed be used to quantify the rheological behavior of the ink containing 20 wt % of CNC
particles (Figure A. 12d). A yield stress of 200 Pa was fixed in this fitting.

Following the rationale explained in the previous section, we estimate the critical alignment
radius (rc) from the shear rate profile within the printing nozzle.

Using the fluid parameters described in the Herschel-Bulkley model, the velocity profile can
be written as *°:
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n+1

1
n n+1 I

where R is the total radius of the pipe, and 1, is the shear stress at the nozzle wall. 7, can be
calculated from the equation:

RAP
TW:T Eq17

Eventually, the shear rate can be obtained by deriving the velocity equation with respect to
the radius r, which leads to:

1 1
oav W\ |, T,7r n
=% (T‘Ty)] £q-19

Using this equation, one can arrive at the following estimation for the critical alignment

radius (r;) based on the Herschel-Bulkley model:

Eq.19

Analysis of shear rate profile across the nozzle and critical alignment radius for a printing
nozzle

The theoretical analysis outlined above is used now to graphically illustrate the shear
rate profile and the radial position within the nozzle where particle alignment is expected (r.)
for a 20 wt % CNC ink. In this example, the ink is extruded through a printing nozzle with a
length of 31 mm and diameter of 0.41 mm at an external pressure of 1.9 bar. The shear
stress radial distribution under such printing conditions is shown in Figure A. 12a. Such shear
stress distribution was converted to the shear rate profile using either the power law or the
Herschel-Bulkley model, leading to the plots shown in Figure A. 12e, f. Because the Herschel-
Bulkley model already incorporates the ink yield stress into the flow equation, the estimated
shear rate profile covers the entire radius range. By contrast, the power law applies only to
the differential flow region of the nozzle, leading to a shear rate profile that covers the range
R < r < ryps. Overall, the Herschel-Bulkley model predicts a slower and more gradual increase
in shear rate from the center towards the wall of the nozzle (Figure A. 12e, f). Compared to
the power law model, the expected shear rates at the nozzle wall are also an order of
magnitude lower. Based on the empirical correlation obtained in our study for the shear-
induced alignment dynamics of the CNC particles (equation 1, main text), we can estimate
the alignment time (t) expected at the different shear rates developed across the radius of
the nozzle (Figure A. 12e, f). Comparison of this alignment time with the residence time of
the ink within the nozzle (equation 14), we can finally estimate the critical alignment radius
(r.) for the different fluid models employed in our analysis. Interestingly, although the
maximum shear rate predicted from the Herschel-Bulkley model is ten-fold lower than that
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expected from the power law equation, the thickness of the aligned CNC layer lies within the
same order of magnitude independent of the model chosen. Our analysis suggest that a
layer thickness in the range 10-30 um is expected if only shear-induced alignment is
considered (untapered nozzles).
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Figure A. 12 Analysis of the flow behavior of a 20 wt % CNC ink through a 31 mm long 3D printing nozzle. (a) Dependence
of the experimental yield stress on the CNC concentration of the inks. (b) Calculated shear stress distribution within the
nozzle. (c) Experimental viscosity as a function of shear rate fitted using a power law. (d) Experimental data of the shear
stress as a function of shear rate and the fitting obtained using the Herschel-Bulkley model. (e,f) Shear rate distribution
and corresponding time for alignment of CNCs expected from (e) the Herschel-Bulkley theory and (f) the power law
model.
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Appendix B

Appendix to “Complex-shaped cellulose composites made by
wet densification of 3D printed scaffolds”

Appendix B1: X-ray diffraction (SAXS) results for a 10 wt % CNC Ink.

Flow stop
Flow

Intensity counts [-]

0.10 ;

0 50 100 150 200 250 300 350

Angle [°]
Figure B. 1 SAXS measurements obtained for cellulose nanocrystal inks with 10 wt %CNC under flow and after the flow
was stopped. From these diffractograms we measured the full width at half maximum (FWHM) values of 74.5 and 101.6°
for inks under flow and after the flow ceased, respectively.

Appendix B2: Angle variation along the capillary length

The quartz capillaries utilized in this project display a slightly tapered geometry. To
qguantify the level of tapering along the length of the capillary, we measured the angle of the
wall relative to the longitudinal axis at 5 different positions along the capillary. The results
are shown in Table B. 1. In the first 15 mm of the capillary, the tapering angle continuously
decreases from 7.69 ° to 2.35 °, while the 60 mm that follow the entry point shows a
tapering lower than 2 °.

Table B. 1 Angle variation along the capillary.

Position Angle [°]
5-10 mm 7.69
10-15mm  2.35
15-30 mm  1.77
30-40 mm  0.71
40-60 mm  0.60
60-80mm O

O b WN B
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Appendix B3: SAXS measurements along the capillary’s length and radius.

Small angle X-ray scattering (SAXS) measurements performed across the capillary
over extended time periods are shown in Figure B. 2a. The sample was measured under two
different conditions: (i) during flow and (ii) after flow followed by an extended resting period
(Figure B. 2b, c). The degree of alighment of the CNC particles was shown to be stable after
the flow stopped and over a period of at least 17 h. Measurements across the radius of the
capillary were also acquired by moving the beam from one edge to another of the capillary
so as to sample different fractions of the material within the capillary. The results indicate
that the degree of alignment varies following a parabolic profile and does not change
significantly over time. The degree of alighment was found to decrease (increase in FWHM)
from the walls towards the center of the capillary. The FWHM data exhibit the symmetric
behavior expected for that type of geometry (Figure B. 2b, c). However, the resolution is not
as precise as that achieved by cSAXS due to the larger beam size used. With a beam
comparable in size to the diameter of the capillary (300 um) the spatial resolution achieved
in these experiments is very limited. Therefore, these experiments were complemented by
SAXS measurements performed using a high-coherence beam line at synchrotron facilities.
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Figure B. 2 Alignment of CNC particles across the radius of the capillary for suspensions containing 15 and 20 wt % CNCs.
A) Schematic representation of the experimental setup indicating the scattering patterns measured at different radial
positions within the capillary. B,C) Evolution of the FWHM values along the radius of the capillary for (B) 15 wt % and (C)
20wt% CNC suspensions before and after a relaxation time of 14 and 17h, respectively.
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In addition to the radial position, the degree of alighment of the CNCs along the
length of the capillary was also quantified using SAXS measurements (Figure B. 3). The data
obtained support the conclusions derived from the experiments performed using Coherent
Small Angle X-Ray scattering (cSAXS) at the Paul Scherrer Institute (PSI). By scanning along
both the length and the radius of the capillary (Figure B. 3a), we observe tilting of the
anisotropic CNC particles close to the capillary walls (Figure B. 3b). Azimuthal integration of
the obtained scattering projections allowed us to extract the angular orientation of the
nanoparticles and the resulting changes in their orientation from the centre toward the wall
of the capillary. Normalization of these data with respect to the centre shows that the tilting
effect close to the walls decreases as the suspension moves along the length of the capillary
(Figure B. 3d)
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Figure B. 3 Scattering-based measurements of the alignment of cellulose nanoparticles along the length and the radius of
the capillary. A) Schematic illustration of the different positions of the capillary where the data were measured. B)
Scattering patterns obtained for each position along the radius and the length of the capillary. C) Typical azimuthal
integration of the scattering pattern obtained at position IV. D) Difference in alignment angle relative to the centre as a
function of the radial position and length of the capillary.
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Appendix B4: cSAXS measurements at the Swiss light source (PSI)

cSAXS measurements at the Swiss light source (PSI) confirms the slightly higher
alignment of the CNCs at the walls as compared to the centre when the probed suspension is
located at the end of the capillary (Figure B. 4 and Figure B. 5).
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Figure B. 4 Variation of FWHM values as a function of the radial position extracted from 2D scattering projection
obtained for a 20wt% ink at the end of the capillary.
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Figure B. 5 Degree of alignment obtained from cSAXS projections of the whole capillary.

The particle alighnment data obtained in the cSAXS experiments were analyzed
following the procedure described by Liebi et al..[1] In this analysis, the actual scattering
data is used to generate 3D tomographic images based on a reconstruction protocol. Figure
B. 6 and Figure B. 7 are meant to verify if the reconstruction of the tomographic image is
correct for samples probed at the beginning and at the end of the capillary, respectively. On
the left are the real measured data whereas the simulated counterparts are shown on the
right. Each real projection is evaluated and treated using a Matlab code developed and
provided by PSL.[1] The code first calculates the preferential orientation and degree of
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orientation on a voxel basis and then reconstructs a complete 3D image of the sample.
Visual comparison of the real and the simulated images indicates a good qualitative
agreement between the obtained particle alignment values, confirming the validity of the
reconstruction approach.

Measured Orient., RotX 0.0 RotY 0.0 Simulated Orient. RotX 0.0 RotY 0.0

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
X[ mm] x[mm]

Figure B. 6 Measured and simulated reconstruction of the X-ray scattering 2D projections obtained at the beginning of
the capillary for a suspension containing 20 wt % CNC.
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Figure B. 7 Measured and simulated reconstruction of the X-ray scattering 2D projections obtained at the end of the
capillary for suspensions containing 20 wt % CNCs.

The quantification of particle alignment using the reconstructed 3D images needs to
be carried out by analysing the data obtained in a single slice of the 3D tomographic image,
as opposed to the 2D projection of the entire imaged samples. To demonstrate the
importance of this slicing procedure, we compare in the local normalized degree of
orientation obtained using either slices or 2D projections from the 3D tomographic
reconstruction. These values are obtained by normalizing the degree of orientation by the
maximum value found in the sample. Figure B. 8a, c represents a slice (cut) through the
centre of the capillary at the beginning and the end of the capillary, respectively. Figure B.
8b,d displays the 2D projection of the whole capillary. In the latter case, the relative degree
of orientation is extracted from the data by averaging in column the local degree of
orientation from each line. Results obtained for both the beginning and the end of the
capillary show that the use of 2D projections overestimates the particle alignment degree in
the centre of the capillary (Figure B. 8e, f and Figure B. 5). Therefore, the alignment data
shown inFigure 3.4c (main text) was obtained from slices of the reconstructed tomographs.
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Figure B. 8 Tomography reconstruction and analysis of the degree of particle alignment along the radius of the capillary.
A,C) A slice from the centre of the tomography image at (A) the beginning and (C) the end of the capillary. B,D) 2D
projection from the whole tomography image at (B) the beginning and (D) the end of the capillary. E,F) Calculated degree
of orientation of both (E) slices and (F) 2D projections. The results observed in F) show an identical trend when compared
to the real 2D projections (Figure S5). All results show in the figure were obtained for a 20 wt % CNC ink.



Appendix B 141

Appendix B5: Cartridge stage utilized for SAXS measurements and for sample preparation

Figure B. 9 Cartridge stage.

Figure B. 10 Cartridge Stage mounted.

Reference

1. Liebi, M., et al., Nanostructure surveys of macroscopic specimens by small-angle
scattering tensor tomography. Nature, 2015. 527: p. 349.
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Appendix C

Appendix to “Complex-shaped cellulose composites made by
wet densification of 3D printed scaffolds”

Appendix C1: Rheological properties of the ink

The rheological behavior of aqueous suspensions containing CNCs and CNFs was
characterized to evaluate their suitability for 3D printing using the direct ink writing
technique. To achieve the high yield stress and low-shear storage modulus (G’) required for
DIW, we first evaluated the effect of CNCs and CNFs on the rheological behavior of the
cellulose suspensions (Figure C. 1a, b). The addition of a small fraction of CNF (1.48 wt %) in
water is shown to be already enough to establish a percolating network with a well-defined
yield stress of 50.2 Pa. ' Even higher yield stress and modulus values of 200 Pa and 7050 Pa,
respectively, can be achieved by simply using a high concentration of CNC particles (20wt %).
Experimentally, we found that a combination of 20wt % CNC and 1wt % CNF results in inks
with optimum rheological properties for DIW and in printed objects with high dimensional
stability during wet densification. The addition of 1wt % CNF to a suspension containing
20wt % CNC increases the yield stress from 200 to 251 Pa and the low-shear storage
modulus from 7050 to 8700 Pa Pa (Figure C. 1b).

The rheological response and aging effects of inks with this optimized composition was
further evaluated through steady-state and oscillatory measurements (Figure C. 1c, d). The
optimum cellulose-based ink exhibits strong shear thinning behavior, as evidenced by the
reduction in apparent viscosity by several orders of magnitude upon increasing applied shear
rates. Printing experiments showed that the low viscosity values achieved at high strain rates
are sufficient to extrude this cellulose-based ink under typical pressures applied at the
printer nozzle. This pressure varies between 1 and 2.6 bar depending on the length of the
nozzle (nozzle diameter of 0.41 mm). Steady-state and oscillatory rheological measurements
indicate that the rheological behavior of the optimum cellulose-based ink remains unaltered
if the suspension is stored in the refrigerator over a period of 4 months (Figure C. 1c, d).
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Figure C. 1: Rheological properties of the cellulose-based inks developed in this work. A) Yield stresses of printable inks
with different amounts of CNCs and CNFs. B) Storage modulus, G’, and loss modulus, G” of the cellulose-based ink with
and without CNF as a function of the deformation amplitude applied in an oscillatory sweep measurement. C) Shear
thinning behavior of the optimum cellulose-based ink evidenced by the decrease in viscosity at high shear rates under
steady-state conditions. Such rheological behavior guarantees a consistent flow through the nozzle and enables high
accuracy during printing. D) Storage modulus, G’, and loss modulus, G” of the optimum cellulose-based ink as a function
of the deformation amplitude applied in an oscillatory sweep measurement. The aged suspensions were kept in the
refrigerator for 4 months.



Appendix C2: Processing routes, morphology of filament after drying and
effect on shrinkage with coagulation bath

Wet densification of printed scaffolds and their conversion into cellulose-based
composites can be accomplished following different solvent exchange and infusion
(infiltration) processes. Figure C. 2 illustrates 3 possible routes to obtain cellulose-reinforced
composites.
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Figure C. 2 Different processing routes explored in this work for the conversion of 3D printed objects into cellulose-based
composites. (A) lonic cross-linking followed by wet infiltration: consolidation (and possibly densification) of 3D printed
scaffolds is achieved by dipping them in an aqueous solution of CaCl2 to induce crosslinking of cellulose particles. The
monomer is infiltrated and polymerized while keeping the object in the wet state. (B) Wet densification followed by wet
infiltration: densification is achieved via a solvent exchange process in an aqueous bath containing a poor solvent.
Monomer infiltration and polymerization occurs in the wet state. (C) Super-critical drying followed by infiltration: water
is removed under super-critical conditions and the resulting dried scaffold is infiltrated with a monomer using vacuum
and pressure before photopolymerization.

All three methods have their advantages and disadvantages as described in Table C.
1. While the wet densification approach leads to the highest cellulose concentration and
offers a broad choice of solvents and polymer systems for densification and infusion, it is
also characterized by the most pronounced shrinkage. The addition of CaCl, in the cross-



146

Appendix C

linking approach allows the formation of hydrogels with high water contents that would not
be accessible in the absence of Ca®" ions .
fabrication of hydrogel systems. The super-critical drying approach is a promising method to
obtain a dry scaffold with preserved cellulose microstructure, but it requires multiple
cumbersome steps and expensive equipment. Examples of complex-shaped structures
obtained using the cross-linking and wet densification approaches are depicted in Figure C. 3

and Figure C. 4.

Table C. 1 Comparison between the different approaches used to fabricate composites from 3D printed structures.

lonic cross-linking
& wet infiltration

Advantages

Formation of hydrogels with varying degrees of cross-linking by
changing the calcium concentration in the water/solvent mixture.
Possibility to infiltrate the wet scaffold with different monomer
compositions

Improved shape fidelity resulting from the ionic cross-linking

Limitations

High content of residual water leads to shape distortion if dried
High cellulose content is only possible if cross-linking is combined
with the wet densification approach

Wet densification
& wet infiltration

Advantages

Higher densification resulting from the complete elimination of the
good solvent (water)
Wide choice of solvents possible

Wide choice of polymer systems possible depending on the solvent
mixture used

Limitation

Large shrinkage resulting from the densification process

Thickness limitation, maximal dense thickness limited at 5 mm

Super Critical drying
& infiltration

Advantages

Dried scaffold with preserved printed microstructure

Post infiltration of different polymer matrices is possible

Limitations

Typical high viscosity of the polymer system makes infiltration
process challenging. Solvents potentially improve infiltration, but
require multiple infusion steps.

High pressures are usually required to aid infiltration

However, this route is only suitable for the
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Figure C. 3 Effect of ionic crosslinking with calcium chloride and ethanol on the shrinkage of a printed object immersed in
solvent baths containing distinct fractions of CaCl2-containing water (4 wt %) relative to ethanol. Increasing the weight
fraction of ethanol in the bath from 0 (far left) to 100 % (far right) leads to a higher densification and shrinkage. The
minimum unit length in the background scale corresponds to 1 mm. The upper row shows side view, whereas the bottom
row displays top view.

Figure C. 4 Examples of complex-shaped cellulose-based structures obtained right after printing (left) and after cross-
linking (center) or wet densification (right). Left: geometry printed with aqueous CNC/CNF hydrogel ink. Center: as-
printed geometry after being immersed in CaCl2 aqueous solution and ethanol (100 wt % ethanol). Right: as-printed
geometry immersed directly into ethanol (without ionic crosslinking). The minimum unit length in the background scale
corresponds to 1 mm.
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Appendix C3: Hansen Solubility parameters

The three different Hansen solubility parameters accounting for dispersive (6p), polar
(6p) and hydrogen bonding (64) molecular interactions were used to assess the quality of the
solvent mixtures applied in the wet densification process (Table C. 2).

Table C. 2 Hansen solubility parameters taken from references 2-5.

Solvent Dispersive Polar Hydrogen bonding
6D Sp 6H

Water single molecule | 15.5 16.0 42.3

Water >1% soluble in 15.1 20.4 16.5

Water Total miscibility | 18.1 17.1 16.9

Ethanol 15.8 8.8 19.4

Acetone 15.5 10.4 7

Acetonitrile 15.3 18 6.1

DMSO 18.4 16.4 10.2

DMF 17.4 13.7 11.3

For mixtures of different solvents, we apply the following simple rule of mixtures to
determine the resulting solubility parameter of the mixture:®

n
5, = Z 08is Eq.1
k=1

where §; is the solubility parameter of the mixture considered, with i=P, D, H corresponding
to polar, dispersive and hydrogen bonding contributions, respectively; §;, and @, are the
solubility parameters and volume fraction, respectively, of solvent k; and n is the total
number of solvents in the mixture. Based on previous work on the interactions of cellulose
with water molecules and other solvents, we chose in our analysis the solubility parameters
for “water >1% soluble in” to quantify the Hansen solubility values of water (Table C. 2).>°

By quantifying the quality of the solvent mixture, the solubility parameters calculated
with the above equation allowed us to interpret the macroscopic swelling or shrinkage
behavior of the cellulose-based printed objects after immersion in the solvent bath (Figure C.
5). The swelling or shrinking data measured in the selected solvents are in very good
agreement with earlier observations made by Bruel et al *> and were used to calculate the
concentration of cellulose (solids content) in the object after solvent exchange (Figure 4.2,
main text).

To correlate the experimentally observed swelling/shrinking behavior (Figure C. 5)
with the solubility parameters of the solvent mixture, we represent in a ternary phase
diagram (Figure C. 6 and Figure 4.1) the composition of the solvent baths according to the




Appendix C 149

relative contributions of dispersive, polar and hydrogen bonding interactions in that

particular mixture. These relative contributions were calculated using the following equation
7.

6;

A — Eq.2
=535, 7o, 4

Where i is the type of molecular interaction of interest (D, P or H).

The ternary diagram shows that shrinkage and densification of the object occurs
when the solvent mixture exhibits a set of relative Hansen parameters that are positioned
away from the values where cellulose particles are expected to be well dispersed (green area
in Figure C. 6 and Figure 4.1). A direct correlation between the shrinkage (solids content) and
the Hansen solubility parameters is eventually obtained by taking into account the relative
change in cohesive energy density resulting from the solvent exchange process, as explained
in the main text.
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Figure C. 5 Swelling/shrinking behavior of as-printed samples when submerged in different solvent mixtures.
Shrinkage/swelling data refer to the ratio between sample length before immersion and initial sample length. For
water/EtOH and water/acetone mixtures, samples were found to completely disintegrate if the ethanol concentration is
lower than 60%.
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Figure C. 6 Correlation between the densification behavior of cellulose-based scaffolds immersed in different solvent

baths and the relative Hansen solubility parameters of the solvent mixtures.
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Appendix C4: Drying and infiltration of 3D printed scaffolds

Because polymer-based inks containing high concentrations of CNCs exhibit
prohibitively high viscosities to allow extrusion through the printer nozzle, 3D printing of
aqueous-based cellulose suspensions followed by infiltration of dried printed scaffolds with a
reactive monomer is an effective processing strategy to fabricate complex-shaped
composites with high cellulose content. To evaluate the most appropriate procedure to
remove the aqueous phase of printed structures that are later infiltrated, we compared the
effect of room-temperature drying, freeze-drying and supercritical-drying (SCD) on the
morphology and dimensional stability of 3D printed objects. For this purpose, we used
aqueous-based inks containing 20 wt % cellulose nanocrystals (CNC) and 1 wt %
nanofibrillated cellulose (CNF).

While room-temperature drying resulted in stiff but brittle parts with low
dimensional stability, freeze-drying and super-critical drying allowed for the preparation of
porous cellulose scaffolds with relatively good shape retention (Figure C. 7). Super-critical
drying required the exchange of water with ethanol, which led to significant densification
and shrinkage of the printed part due to the net change in cohesive energy density of the
solvent (see main text). In spite of the strong shrinkage, the printed parts maintained their
shape and presented an interconnected porous structure after super-critical drying.

Room temperature drying Freeze-drying Super-critical drying

Figure C. 7 Photographs of the 3D printed scaffolds after drying using different procedures.

The high porosity generated upon drying makes the 3D printed scaffolds very fragile,
but sufficiently strong to be infiltrated with a liquid monomer. Composites were fabricated
by infiltrating the porous scaffolds with a monomer mixture under vacuum followed by cold
isostatic pressing (3500 bar for 5 min). The monomer mixture consisted of commercial
HEMA/PUA oligomers (BR3741 from Dymax) at a weight ratio of 50/50 and Irgacure 819 as a
photoinitiator. The pronounced shrinkage of samples subjected to super-critical drying
increased the volume fraction of cellulose from 13.8 vol % up to 29.9-39 vol %. The lower
porosity of the resulting structures makes these samples particularly challenging to infiltrate
even after being subjected to intensive vacuum and isostatic pressing cycles. Indeed, careful
inspection of infiltrated scaffolds using optical microscopy indicates the presence of residual
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porosity and polymer-rich regions in samples produced via super-critical drying (Figure C. 8).
The high pressure subsequently applied to the infiltrated SCD samples also introduces
macroscopic defects in the composite structure, which impair their mechanical properties
(Figure C. 9c, d). These flawed specimens contrast with the pore-free microstructures
obtained using the wet infiltration route Figure C. e, f).

Figure C. 8 Optical microscopy images showing residual porosity and polymer-rich regions (indicated by
red arrows) after infiltration of monomers in a super-critically dried scaffold followed by
photopolymerization (scale bar 500 pm).

Although the absence of solvent exchange protocols has made freeze-casting a
popular route for the fabrication of cellulose-based composites, '° the formation of ice
crystals during the freezing step leads to a partial loss of the alignment of CNCs imposed
during printing (Figure C. 9a) and prevents densification of the scaffold. Instead, the
approaches involving solvent exchange result in much denser microstructures displaying
high degree of orientation of the cellulose particles (Figure C. e, f). '
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Figure C. 9 SEM images showing cross-sections of 3D-printed scaffolds before and after infiltration.
Densified scaffolds obtained by (A) freeze-drying of aqueous-based samples and (B) super-critical drying
of specimens immersed in ethanol. (C-D) Composites (infiltrated scaffolds) obtained by infiltration of
super-critically dried scaffolds with photocurable monomers using alternate cycles of vacuum and
isostatic pressing.(E-F) Composites obtained through the wet-infiltration process.
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Appendix C5: Quantification of CNC alignment by 2D WAXD analysis

To explore our technology for the fabrication of bioinspired architectures it is crucial
to quantify the level of alignment achieved during the 3D printing process and after
infiltration of the densified scaffolds with monomers to generate the CNC-based composites
(Figure C. 10). We quantified the level of nanocellulose alighment in single filaments and
printed objects before and after infiltration using 2D wide-angle X-ray diffraction (Figure C.
10c-f). Printed objects were manufactured by depositing filaments next to each other so as
to form a film, the height of which was twice the filament diameter. The X-ray diffraction
data obtained for single filaments and printed objects show the expected strong alignment
of the CNC/CNF particles along the printing direction. This is indicated by the two intensity
peaks detected in the azimuthal X-ray scans spanning 360 ° in Phi (Figure C. 10c-f). The
degree of alignment obtained in this study is comparable to that obtained in previous work
using direct ink writing.! Infiltration of the nanocellulose filaments and printed films with the
monomer result in less intense diffraction peaks, but does not alter the highly aligned nature
of the structure (Figure C. 10c-f and Appendix C8 and C9). Because the chosen polymer
phase exhibits a similar refractive index to the cellulose nanoparticles, composites with
remarkable optical transparency are obtained after infiltration and polymerization of the
cellulose-based printed films (Figure C. 10g and Appendix C10). The high transparency
achieved also results from the high chemical affinity between the monomer and the
nanocellulose, which is essential to promote wetting of the particles and prevent the
formation of air pockets in the infiltrated structures.
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Figure C. 10 Structural characterization of cellulose-based filaments and printed objects before and after
infiltration with a polymer matrix. (A) 3D-printed composite fabricated through the wet densification
approach (scale bar 1 cm), highlighting in the cross-section shown in (B) the good filament adhesion
within the object. Scale bars: 200 pm in (B), and 10 pm in the inset of (B). The white arrow in (B) indicates
one printed line. (C) 2D-WAXS profiles of pure matrix, single scaffold filament and infiltrated scaffold
filament. (D) SEM image of single filament before infiltration showing high degree of alignment along the
printing direction (white arrow). Scale bar: 200 nm. The inset shows the location of the imaged area within
the filament (scale bar, 10 ym). (E) 2D-WAXS profiles of 2 printed layers before (scaffold) and after
infiltration with the polymer matrix (composite). (F) SEM view of the 2 layer printed scaffold (scale bar,
400 nm). (G) Optical transparency of pure polymer matrix, 3D printed dry scaffolds and composite films
with 1 and 2 layers.
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2D-WAXS measurements of 3D printed filaments, layers and infiltrated composites
were performed to quantify the preferential alighment of CNCs induced by shear and
extensional forces developed during the extrusion process. The degree of CNC orientation
() of distinct structures are summarized in Table C. 3. All the CNC-containing samples show
preferential cellulose alignment along the printing direction. The addition of CNFs slightly
decreases the degree of orientation from 80 % to 74 %. This is expected as the higher
flexibility of CNFs lead to stronger inter-fiber entanglement during flow. An additional loss in
degree of orientation from 74 % to 66 % is also observed when the filament is infiltrated
with photocurable monomers and polymerized. Because the first layer is typically squeezed
onto the glass slide to ensure proper adhesion, composites comprised of only one layer
show a slightly lower degree of orientation (61 %) as compared to single filaments (66 %) or
printed parts containing 2 layers (74 % and 80 %). The results also reveal that infiltration of
scaffolds comprised of two layers leads to a slight loss of degree of orientation from 80 % to
74 %. These values for the degree of orientation are in good agreement with data previously

measured for both 3D printed structures and shear-aligned films." *?

Table C. 3 Degree of orientation for 3D printed parts, filaments and composites obtained by 2D WAXS
analysis.

Sample FWHM [°] Degree of orientation it [%)]

Pure Matrix (-) (-)
Pure CNC Filament 36 80
Pure CNC/CNF Filament 46 74
CNC/CNF Filament 61 66
composite

1 layer composite 70 61
2 layers composite 46 74
2 layers scaffold 36 80

(-)Homogeneous intensity



Appendix C 157

Appendix C6: Morphology of aligned cellulose crystals in printed structures

Figure C. 11 SEM images of fractured surfaces of printed filaments after drying, depicting the preferential
alignment of CNCs/CNFs along the printing direction. Scale bars: A:100 um, B, C and E:1 ym, , D and F:
200 nm. The white arrows indicate the printing direction.
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Figure C. 12 SEM image of a delaminated 3D printed scaffold depicting the preferential alignment of CNCs
and CNFs along the printing direction. (Scale bar 400 nm). Arrow indicates the printing direction.
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Appendix C7: Microstructure of composites obtained via wet densification
and infiltration

Figure C. 13 SEM images depicting fractured surfaces of a composite obtained through the wet
densification and infiltration process. Individual printed lines and filament interfaces free of pores are
visible.

Figure C. 14 Optical microscopy images of composites obtained by the wet densification and infiltration
process, showing a dense part free of macroscopic residual porosity. (scale bar 2 mm).
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Infiltrated

Figure C. 15 Macroscopic shapes of freshly printed gel (top left), after immersion in ethanol bath (top
center) and after wet infiltration. Fresh gels and wet-infiltrated scaffolds can withstand loads of 2g and 1
kg, respectively, without undergoing mechanical failure.
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Appendix C8: Optical transparency of printed structures measured by UV-Vis
spectroscopy
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Figure C. 16 Optical transmittance of printed parts as a function of wavelength for different compositions:
Matrix, scaffolds and composites comprising 1 and 2 layers. Because of the different thicknesses of the
samples (thickness of each layer ~ 0.3 mm), the transmitance data should be compared between samples
of the same thickness (either 1 or 2 layers). Overall, the results show that impregnation of the scaffold
with the monomers followed by in-situ polymerization improves the transparency of the final composite.
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Appendix C9: Mechanical properties of printed structures under quasi-static
and dynamic conditions

The increased mechanical properties of neat cellulose films can be explained partially
by the hornification of cellulose fibers during drying. This process results in the formation of
additional hydrogen bonds which strongly hold together the fibers and prevent its dispersion
if immersed in water."

Flexural tests were conducted to study the effect of nanocellulose alignment and
inter-filament adhesion on the mechanical properties of the composites. To this end,
samples displaying different filament orientations with respect to the applied bending
stresses were tested in a three-point bending setup (Figure C. 17). The results show that
composites with nanocellulose particles aligned parallel to the applied stresses (longitudinal
configuration) reach a flexural modulus of 7.9 GPa, which is two-fold higher than that
obtained when the specimens are tested in the perpendicular direction (transversal
configuration). Despite the higher elastic modulus achieved in the longitudinal configuration,
the strength of the composite was found to reach a comparable value of 40 MPa irrespective
of the CNC alignment direction.

To complement the mechanical properties discussed in the main text (Figure 4.3) and
above (Figure C. 17), we present in Figure C. 18 the elongation at break of printed structures
tested under (A) tensile and (B) flexural mode. The results indicate that the reinforcing effect
of the cellulose particles is accompanied by a significant reduction in the maximum
elongation of the polymer matrix.
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Figure C. 17 Mechanical performance in flexural mode of 3D-printed composites obtained through the wet
densification approach. (Left) Representative stress-strain curves of the matrix and 3D-printed
composites in flexural mode. (Center) Flexural modulus and (Right) strength of the matrix and of
composites tested in the longitudinal and transversal directions.
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Figure C. 18 Elongation at break for composites tested under A) tensile and B) three-point-bending
modes.

The reinforcing effect of CNCs/CNFs particles and the influence of the printing
direction on the mechanical properties of the composites were also investigated using
Dynamic Mechanical Analysis (DMA, Figure C. 19). In line with the other mechanical tests,
the DMA measurements show that the composite materials exhibit a significantly higher
storage modulus and lower dissipation factor (tand) as compared to the pure matrix.
Composites fabricated with two layers are stiffer than those containing only one layer as the
former exhibits higher alignment degree (see Table C. 3). As expected, composites tested
perpendicular to the printing direction (T) presents lower storage modulus as compared to
those tested in the parallel configuration (L). The effective glass transition temperature of
the composites was found to be slightly lower compared to the matrix (Table C. 4), possibly

due to the presence of residual water in the cellulose particles that mildly plasticizes the
polymer matrix.
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Figure C. 19 Dynamic Mechanical Analysis of pure matrix and cellulose-based composites. (A) Storage
modulus and (B) dissipation factor, tand, as a function of temperature.
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Table C. 4 Summary of thermo-mechanical data obtained by DMA: glass transition temperature (Tg),
dissipation factor (tand) and storage modulus at two different temperatures.

Sample tan(6) Tg[°C] E'[MPa] E' [MPa]
at 25 °C at 25 °C at 50 °C
Matrix 0.2964 -50.63 2.99 2.31
1 LayerlL 0.0772 -59.44 1170 973
2 Layers L 0.0710 -57.71 2400 1890
2 Layers T 0.0997 -55.95 1450 1100

Appendix C10: Infiltration of wet densified scaffolds with different polymer
matrices

The versatility of the wet densification process allows for the infiltration of wet
scaffolds with different photopolymerizable liquid systems, thus enabling tuning of the
properties of the final cellulose-based composites. This is demonstrated here by infiltrating a
wet-densified scaffold with two polymer matrices with distinct soft and stiff mechanical
response (Figure C. 20). Mechanical testing of the resulting composites show that scaffolds
infiltrated with a stiffer acrylate / polyurethane (BR571) monomer mixture * display a 2-fold

higher elastic modulus compared to samples containing a softer acrylate in the polymer
matrix (BR 3741Al)).
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Figure C. 20 Mechanical properties under tensile mode of composites obtained by wet densification
followed by wet infiltration with two different oligomer systems based on acrylate/polyurethane mixtures.
The grades BR571 and BR3741AJ refer to the stiff and soft polyurethanes, respectively.
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Appendix C11: Morphology of cellulose nanocrystals (CNC) and
nanofibrillated cellulose (CNF)

Figure C. 22 Representative SEM image of the nanofibrillated cellulose (CNF) used throughout this study.
Scale bar 6 ym.
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Appendix C12: Estimation of composite solid content

Two different approaches were used to calculate the volume fraction of cellulose
nanocrystals in the final composites: the Archimedes method and a geometrical estimation.

14, 15
we

As the density of CNCs reported in the literature varies between 1.5 and 1.6 g/cm3,
measured this value for the CNCs used in this work to maximize the accuracy of the
calculated volume fractions. A cellulose density value of 1.56 g/cm3 was obtained by
measuring the weight and volume of water-free CNC films. To ensure complete removal of
air, the CNC films were soaked in ethyl acetate under vacuum prior to the density
measurement. In the Archimedes methods, the density is calculated from the weight of the
sample in dried, wet and submerged states.'® The geometrical approach consists in
measuring the weight of individual constituents (resin and CNC/CNF) during the fabrication
process and the final volume of the specimen. The cellulose (CNC/CNF) volume fractions
were found to be 27.3 + 1.8 vol % and 28.2 + 1.67 vol % using the Archimedes and

geometrical approaches, respectively.
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Appendix D

Appendix to “Cellulose-based Microparticles for Magnetically-
controlled Optical Modulation and Sensing”

Appendix D1: Microfluidic platform

Microfluidic platform used for the preparation of CNC-based microparticles.

DUIY SIS IOIII LIS

Figure D. 1 Microfluidic platform used for the preparation of CNC-based microparticles. Top: Microfluidic
setup mounted on an optical microscope. Bottom: Spiraling cylindrical tube used to cure stretched
droplets, thus leading to microparticles with birefringent properties and anisotropic shape.
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Support Information D2: Rheology of CNC suspensions

Shear sweep measurements under steady conditions reveal that the CNC suspensions
show shear thinning behavior and relatively low viscosity for particle concentrations in the
range 6 — 10wt% CNC (Figure D. 2). The apparent viscosity at any given shear rate increases
with the cellulose content. The addition of SPIONs increases the viscosity of suspensions
containing up to 8wt% CNC.
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Figure D. 2 Apparent viscosity of CNC suspensions as a function of the shear rate applied in shear sweep
measurements performed under steady-state conditions. The investigated suspensions contain cellulose
concentrations ranging from 6 to 10 wt % with and without 2 wt% SPIONs.
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Appendix D3: Aspect ratio of CNC-laden microparticles

The aspect ratio of the CNC-laden microparticles can be tuned by varying the flow
rates of the inner and outer phases used for droplet formation in the microfluidic platform
(Figure D. 3 and Figure D. 4). Changes in the ratio of the inner and outer flow rates lead to
distinct droplet sizes and flow rates in the collecting tube. From experiments carried out
with a wide range of suspension formulations and emulsification conditions (Table D. 1),
we observed that the length of the CNC-laden microparticles obtained after droplet
polymerization increases linearly with the liquid flow rate in the collecting cylindrical tube.

0.28 mm tube 0.2 mm tube
2000 2000
® 6wt % CNC + 2wt % SPIONS * = 6wt % CNC
18001 @ 8wt% CNC + 0.2 wt % SPIONS 18004 & 6wt%CNC+ 2wt % SPIONS
1600 ] 8wt % CNC + 1.5 wt % SPIONS 1600 4 8wt % CNC
8wt % CNC + 2wt % SPIONS 8wt % CNC + 2wt % SPIONS
E 14004 # 10wt% CNC+ 2wt % SPIONS E 1400 4
= . =
£ 1200 2 1200
=} B
£ 1000 - 2 1000 -
E g "
5 8004 5 800+
600 + T 600 -
400 - 4004 @
200 5 200 -
o T T T T T T o T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Collecting tube flow rate [ml/h] Collecting tube flow rate [ml/h]

Figure D. 3 Correlation between the length of the microparticles (full symbols) and the experimentally-
measured flow rate in the collecting tube. Data are shown for tube diameters of (a) 0.28 mm and (b) 0.20
mm. The diameters of the microparticles are shown as open symbols. The flow rate in the collecting tube
was measured by with respect to the extrusion flow set on the syringe pump.
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Table D. 1 Suspension formulations and emulsification conditions used to obtain CNC-laden
microparticles with tunable aspect ratio.

Flow rates [uL/h] Particle . Particle
Tube length [um] diameter [um]
N° Composition Inner Outer diamete Standard Stan.da.rd
() (Qo) r [mm] Mean deviation Mean dev:‘atlo
1 6 wt % CNC 100 1500 0.2 1535.4 230.68 152.1 5.4
2 6 wt % CNC 190 3000 0.2 910.6 92.54 144.7 8.0
3 6 wt % + 25ul SPION 30 500 0.2 414.4 44.93 175.4 4.2
4 | 6wt%+ 150ul SPION 35 3000 0.2 1570.0 216.82 127.5 7.4
5 8 wt % CNC 75 2500 0.2 777.9 85.6 116.9 7.4
6 8 wt % + 150 SPION 30 3000 0.2 1053.8 49.12 117.4 5.9
7 8 wt % + 150 SPION 30 5000 0.2 1369.8 147.81 106.6 5.1
8 | 6wt%+150ul SPION 40 3000 0.28 648.9 92.59 270.8 10.6
9 8 wt % + 25 SPION 30 5000 0.28 1344.9 29.63 212.9 8.1
10 8 wt % + 150 SPION 70 4000 0.28 430.3 42.44 254.9 19.7
11 | 8wt % + 2 wt % SPION 80 2700 0.28 857.2 131.80 263.9 14.50
12 | 8wt % + 2 wt % SPION 150 1500 0.28 1445.2 110.50 428.0 32.60
13 8 wt % + 200 SPION 30 5000 0.28 1200.4 99.22 229.6 8.6
14 | 10 wt % + 200 SPION 30 6500 0.28 1874.1 108.70 230.3 8.0
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Figure D. 4 Optical microscopy images of CNC-laden microparticles of distinct aspect ratios prepared
using some of the compositions and emulsification conditions shown in Table S1: (a) sample N°8, (b)
sample N°10 ,(c) sample N°9, (d) sample N°4, (e) sample N°6, and (f) sample N°7.
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Figure D. 5 Spherical microparticles generated by polymerization of unstretched water droplets of
different compositions. The micrographs show optical microscopy images obtained (a,b) without optical
filters and (c,d) under cross-polarizers for water droplets containing (a,c) 8 wt% CNC and 2wt% SPIONs or
(b,d) 6 wt% CNC and SPIONs.
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Appendix D4: Analysis of torque balance as predictive model

A balance between the magnetic and viscous torques acting on a CNC-based
microparticle exposed to a rotating magnetic field leads to the following prediction for the
critical step-out frequency (@mag,c, Main text): !

N o (xr¢r) H3
BE 18/ fom(xs s + 2)

Eq.1

where Hy is the amplitude of the applied magnetic field, y;is the magnetic susceptibility of
the SPIONSs, ¢ is the volume fraction of SPIONSs, 7 is the viscosity of the suspending fluid, 15
is the magnetic permeability of free space (ny = 41107 H/m) and f/f, is the Perrin
friction factor.

The Perrin friction factor is given by:

f 41 -p?»

o T Eq.2
fo 32— pas) a

where p is the aspect ratio of the microparticle (b/a), a is the microparticle diameter and

2
S = (E) (p? — 1) Y2tan | (p? — 1)V?] Eq.3

This model can predict the step-out frequency of the CNC microparticle only if the
magnetically-induced motion of the microparticle is controlled solely by magnetic and
viscous forces. Because the only unknown variable in the above equations is the magnetic
susceptibility of the SPIONs (y;), we use this analysis to test the validity of our assumption.
The assumption is tested by comparing the y: value predicted from our model with
susceptibility data previously reported in the literature. Using the equations above and the
data available from our experiments (Table D. 2), we estimate a value of 21.2 for the
magnetic susceptibility of the SPIONs. Given the very good agreement of this prediction with
the previously reported susceptibility of 21,[1] we conclude that the motion of the CNC-
based microparticles are indeed dominated by the viscous and magnetic forces imposed by
the suspending fluid and the applied external magnetic field, respectively.



176

Appendix D

Table D. 2 Experimental parameters relevant for the simple torque balance model.

Reference

1

R.M. Erb, J. Segmehl, M. Charilaou, J.F.

7604.

Parameter
o 41+ 1077 H/m
Hy 19144.8 A/m
b 0.0997 vol%
b 756 um
a 250 pm
n 0.00089 PaS

Loffler, and A.R. Studart, Soft Matter, 2012. 8:
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