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« Le véritable voyage de découverte ne consiste pas a chercher de
nouveaux paysages, mais a avoir de nouveaux yeux. »

Marcel Proust
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General introduction

Version francaise
Les Biocomposites Hygromorphes et Hydromorphes (HBC) représentent une nouvelle gamme
de matériaux intelligents (capables de changer de forme dans le temps) actionnes par un
gradient d’humidité. Congus a partir de ressources naturelles, ces actionneurs autonomes ne
requiérent aucune énergie externe pour générer leur mouvement. De nos jours, une grande
motivation est dédiée au développement des HBC et a 1’exploration de leur potentiel dans le
développement de solutions futures, écologiques et durables. Bien que développés depuis
plusieurs décennies, leur champ d’amélioration, allant de leur formulation a leur architecture,
reste important. Grace a I’impression 4D, les HBC pourraient recouvrir une gamme de
fonctions et d’applications plus large dans la société de demain. Dans cette idée, ce projet de
these vise a contribuer au développement des HBC fabriqués a partir de fibres continues
de lin en investiguant leur mécanisme d’actionnement, leurs propriétés mécaniques et
leurs interactions avec la nature. Bien que ciblant ici des applications marines, les concepts
de changement de forme proposes pourraient étre utilisés dans plusieurs domaines scientifiques

innovants.

Le Chapitre 1 propose une étude bibliographique du récent développement des HBC et

évalue leur potentiel dans la sauvegarde des écosystéemes marins.

Le Chapitre 2 est un chapitre « Matériaux et Méthodes » présentant les différents

matériaux, techniques de fabrication et de caractérisation utilisés dans le cadre du projet.

Abordé dans le Chapitre 1, le changement de forme (aussi appelé actionnement) des HBC
relate du gonflement intrinséque des fibres naturelles lorsqu’elles subissent un gradient

hydrique. Bien qu’étant le déclencheur de I’actionnement des HBC, les fibres connaissent un
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gonflement diminué quand une matrice polymere les enrobe. Le Chapitre 3 est consacré a
I’é¢tude de I’impact des matrices biopolymeres sur le gonflement des fibres de lin,

nécessaire pour repousser les limites des HBC.

Les considérations architecturales sont aussi des parametres importants pour maximiser
I’amplitude et la complexité de I’actionnement des HBC. Dans la nature, plusieurs végétaux
présentent une mésostructure (architecture locale située entre 1’échelle microstructurale et
macrostructurale) complexe facilitant les interactions avec I’eau. Cet échange est primordial
pour la croissance et pour 1’adaptation de ces plantes face aux phénomenes climatiques. En
s’appuyant sur I’impression 4D, [’optimisation du design des HBC est aujourd’hui
envisageable. En controlant la distribution de matiere et 1’anisotropie au sein d’HBC congus
par impression 4D, des prototypes intelligents sont développés, donnant une meilleure
compréhension de la relation entre leur mésostructure et leur mécanisme d’actionnement

(Chapitre 4).

Résultant de cette approche bioinspirée, des architectures plus complexes sont recherchées
pour cibler des structures biologiques encore inconnues des HBC. Le Chapitre 5 présente les
limitations géométriques existant dans la mise en forme d’HBC renforcés a partir de
fibres continues de lin par impression 3D. La complexité de I’impression hors plan (suivant

I’axe z) y est mise en exergue.

Les porosités représentent des éléments constitutifs des matériaux composites. Dépendant
grandement du procédé de fabrication, leur proportion varie et suit une distribution aléatoire
au sein du matériau. Cependant, lorsqu’elles sont spécifiquement distribuées, ces entités
poreuses peuvent agir comme promoteur du transport de I’eau et d’autres fonctionnalités.
Puisque I’impression 4D permet le controle de 1’anisotropie au sein des HBC, un intérét existe

a connecter ces porosités localisées (nommés canaux) a leur mécanisme d’actionnement.
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S’inspirant de I’architecture poreuse de systémes biologiques, le controle du transport de
I’eau et de ’actionnement des HBC est exploré grace au design d’architecture a canaux

par impression 4D (Chapitre 6).

Enfin, s’¢loignant des sujets de thése purement théoriques, ce projet propose un réflexion sur
le développement des HBC pour des applications marines. Se basant sur le concept de récif
artificiel, des pensées sont données a I’immersion de prototypes HBC permettant de
redynamiser les écosystemes marins. Dans le Chapitre 7, une étude est menee sur le
potentiel de colonisation (biofouling) des microorganismes et macroorganismes marins
sur des biocomposites. De plus, ’impact des produits de dégradation des biocomposites

sur la croissance de deux modeéles biologiques est analysé.

English version
Hydromorph and Hygromorph Biocomposites (HBC) represent a new range of sustainable
shape-changing materials actuated by water gradient or humidity gradient. Made of local
renewable resources, they are autonomous sensors and actuators that require no additional
energy to generate motion. Nowadays, there is a huge motivation to explore what Hygromorph
BioComposites could offer to green engineering and sustainable solutions. Although they have
recently been deployed on an unprecedented scale, there is still plenty of scope for improving
their formulation and architecture. Starting with the connection to 4D-printing, smarter and
more functionalized HBC prototypes should be created soon. This entire project aims to
enhance the range of applications of continuous flax-fiber reinforced HBC by increasing
their performances regarding their mechanical behavior, their actuation mechanisms
and their interactions with nature. Although there is a specific interest in developing HBC

for marine applications, the proposed morphing concepts could be used for several innovative
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topics. The two first chapters are dedicated to a consequent reminder of the recent
development of Hygromorph Biocomposites and potential for marine restoration
(Chapter 1) and the materials/characterization techniques (Chapter 2) used in this PhD

project.

The shape-changing behavior of Hygromorph BioComposites relies on the inherent swelling
of natural fibers triggered by water uptake. Though being the main promotor of actuation, the
natural fiber does not swell the same way alone than surrounding by polymer matrix. Besides,
flax fiber content is limited inside composites for adherence purposes. A deeper
understanding of the impact of biopolymer matrix on the fiber swelling is required to
push the boundaries of HBC actuation. Material selection to fabricate stable or water-
sensitive biocomposites depending on structural applications must be investigated

(Chapter 3).

Architectural considerations are also important to unlock the amplitude and complexity of HBC
actuation. In nature, some plants exhibit a complex mesostructure to facilitate interactions with
water allowing for plant growth and structural adaptation to climatic factors. Thanks to
development of 4D-printing, design optimization of HBC should be envisioned. By
controlling matter distribution and anisotropy within 4D-printed HBC, constitutive
smart prints will be manufactured to give a strong understanding of the relation between

material mesostructure and shape-changing behavior (Chapter 4).

Resulting from this biomimetic approach, more complex and controlled architectures are
expected to tackle biological structures still unthought in 4D-printed HBC. This third mission
consists in upscaling the traditional in-plane printing of beams or 2D-patterns into 3D
shapes. Working with continuous flax-fiber filament, an investigation needs to be

conducted on its printability in the design of out-of-plane lattice structures (Chapter 5).
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Porosity is a constitutive element of biocomposites. Depending on the manufacturing process
and fiber/matrix association, its proportion is highly variable and follows a random distribution
inside the material. However, when specifically distributed, porous entities can act as
promotors for water supply and functionalization (e.g. in plants). Because 4D-printing allows
for the control of the anisotropy inside HBC, an interest arises from the nebulous connection
between locally distributed porosity on the actuation performances. Relying on plant
architecture, the control of water transport and morphing inside HBC by using 4D-

printed channel-induced architecture should be explored (Chapter 6).

Instead of working on a purely theoretical project, potential applications of HBC are important
to anticipate as the world is every day in needs of sustainable and energy-sparing inventions.
Since HBC are promoted by humid environments, thoughts about developing immersed
prototypes addressing the issue of marine depletion appeared. In the final section, a deep look
will be given to the design of reconfigurable and biocompatible artificial reefs made of
biopolymer matrix and continuous flax fibers. The impact of released products from flax
leachates or degradation of biopolymers on marine organisms as well as micro- and

macrofouling potential will be tackled. (Chapter 7).
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Glossary

3DP 3D-printed

4DP 4D-printed

ABS Acrylonitrile Butadiene Styren

ASW Artificial SeaWater

C. closterium Cylindrotheca closterium

CD Calcium Diformate-based concrete formulation
CE Cellulose Ether-based concrete formulation
cFF continuous Flax Fiber

cJF continuous Jute Fiber

cKF continuous Kevlar Fiber

EMC Equilibrium Moisture Content

FFF Fused Filament Fabrication

HBC Hygromorph/Hydromorph BioComposites
HIPS High Impact PolyStyrene

ID Interfilament Distance

LH Layer Height

LF Limestone Filler-based concrete formulation
LN Layer Number

MB Marine Broth medium

MFR Melt Flow Rate

MFI Melt Flow Index

NFRC Natural Fiber Reinforced Composite
NFRB Natural Fiber Reinforced Biocomposite
PBS PolyButylene Succinate

PBSA Poly(Butylene Succinate-co-butylene Adipate)
PBAT PolyButylene Adipate Terephtalate

PC Polycarbonate

PEEK Poly-Ether-Ether-Ketone

PHA PolyHydroxyAlkanoate

PLA Polylactic acid

P.sp. 3J6 Pseudoalteromonas sp. 3J6

sCF short Carbon Fiber
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sFF short Flax Fiber

SMP Shape-Memory Polymer

SFRPC Synthetic Fiber Reinforced Polymer Composite
TGA ThermoGravimetric Analysis

TPU ThermoPolyUrethane

X Raw concrete formulation
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Chapter 1 : State-of-the-art in the development of
bioinspired 4D-printed Hygromorph Biocomposites and

their potential for marine restoration
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Chapter 1 discusses the development of Hygromorph BioComposites (HBC) that are able to
shape-change due to a moisture absorption and propose a dedicated biologically inspired
architecture. It aims to understand the continuous expansion of these smart materials and their
current limitations over the past years. Hygromorph biocomposites (HBC) have been created
from biological examples of which the structure is reconfigured by water gradient (e.g. pine
cone scale). Categorized as water-induced shape-changing materials, their actuation is driven
by natural reinforcements unlike smart conventional materials driven by polymer matrix. They
are examined in terms of formulation and architecture. Made of natural fibers and biopolymer
matriX, their biobased formulation is optimized to propose a predictable reconfigurable
behavior. Their actuation performances are quantified by their amplitude of shape-changing
pattern, called “responsiveness”, and their kinetic of actuation, called “reactivity”. However,
some restrictions slower the development of HBC and their targeted applications. The role of
4D-printing in HBC design has generated a wide range of conforming structures with specific
functions. In order to overcome these limitations, a deep insight is given to architectural and
morphological features of several biological models through a bioinspired approach. Finally,
the possibility of using HBC as a lever for marine rehabilitation, i.e. as novel artificial reef, is

discussed.
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I. Development of Hygromorph Biocomposites
Natural fiber reinforced biocomposites (NFRB) are presented as a new opening and approach
in load-bearing applications. Well-known for their eco-friendly characteristics, their

development is still having a growing interest in the scientific community.

I.1. General definition
Hygromorph Biocomposites (HBC) are composed of natural reinforcements and polymer
matrix. Though coming mostly from petrochemical resources, biobased and/or biodegradable
polymer matrix are today increasingly used in the formulation of HBC. In the following
sections, a specific attention is given to the association of these polymer matrices, referred as

biopolymer matrix, with natural reinforcements.

I.1.a. Overview of the natural reinforcements
I.1.a.i. Origins and applications

The use of natural fibers for anthropogenic activities dates back to 40,000 years ago. Interests
on these natural compounds started for textile applications [1] and medicine ([2], [3]). They
continue to play a primordial role in our time: from traditional resources in the textile market

[4] to new reinforcement for modern architecture [5].

Nowadays, the role of natural fibers has reached higher standards in the context of limiting
carbon emissions and replacing petrochemical products. Indeed, there is a global wish to turn
carbon, glass or aramid into flax, hemp or wood reinforcements for creating more
environmentally friendly materials [6]. Besides being greener, natural fibers could promote the
development of lightweight structure with biodegradable functions essential for life span
control. This property is becoming essential for current manufactured materials as life cycle
analysis is increasingly recommended for environmental purposes. Most of synthetic fiber

reinforced polymer composites (SFRPC) are not able to reach these objectives. However,
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serious challenges restrict the presence of natural fiber reinforced polymer composites
(NFRPC) on the industrial market. One of the most important is the significant gap between
the mechanical performances of SFRC and NFRC, even though scientific researches has

increased their potential over the years [7].

The wide range of natural fibers opens up multiple possibilities of use. It is related to their
morphology, biochemical composition and structural features. Two distinguishable families

exist : non-wood natural fibers and wood fibers. Figure 1 classifies the provenance of the main

natural fibers.

Plant Biofibers

Nonwood Biofibers ‘ Wood
Trunk/Stem Straw Bast Leafl Seed/ Grass
f Frond Fruit
Examples Examples: Examples: . Exarnples:
Rice Kenaf Cﬂﬂﬂn.a?;ir. Soft and Hard
Wheat Flazx, EFB, P woods,
Pressed fber, (Pine, Teak,
e Jute, Hemp Jatropha, Cocoa Rubber wood,
Acacia)
Recycled
Examples Wood Fibers
Oul Palm, Examples Examples
Coconut tree, Henequen, Sisal, Bamboo fiber, Examples:
Date Palm, Pineapple leaf fiber, Elephant grass Mewspaper/
Banana stem Pandanus helicopus Magazine Bbers

Figure 1: Overview of natural fibers used for anthropogenic purposes [8].

Origins of natural fibers as well as harvesting conditions and variety affect the fiber
morphology and performance. This impact could even affect two successive yearly crops since

the retting period, i.e. period required to degrade the flax stem and harvest individualized flax
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bundles [9], is rarely identical [10]. The use of natural fibers in high-performance structures is

therefore all the more critical and important to finely assess.

I.1.a.ii. Microstructure

The overall structure of an elementary natural fiber is given in Figure 2. Fiber cell wall is built
on two-stage structure: primary wall and secondary wall. Each layer presents an association of
cellulosic microfibrils acting as reinforcement and a polysaccharide network of hemicellulose
and lignin macromolecules. Following this schematic overview, elementary fibers can be
considered as composite materials. Secondary layer can be divided into three entities S1, S2
and S3 whose dimension and composition ensure specific functions to the plant. Representing
the predominant layer, S2 layer dictates the mechanical behavior of the fiber. Reaching 80%
of the total fiber thickness, it acts as the main load bearing component inside the structure [11].
Furthermore, the presence of cellulosic microfibrils, their orientation and crystallinity of the
embedding matrix affect the physico-chemical properties of natural fibers [5]. In particular, the
orientation of cellulosic microfibrils symbolized by microfibrillar angle (MFA) regulates plant
functionalities. MFA quantifies the existing angle between microfibrillar axis and cell wall
axis. Fiber location in plant sharpens fiber architecture and its function. Depending on the fiber
function, structural features (e.g. MFA, S2 thickness, biochemical composition, fiber

dimension) will change [5]. Figure 2 displays a simplified scheme of plant fiber structure.

Secondary wall S3 Lumen

Helically Secondary wall S2
arranged Spiral I
crystalline o
microfibrils Secondary wall S1
of cellulose
Primary wall
Amorphous

region mainly
consisting of lignin
and hemicellulose

Disorderly arranged
crystalline cellulose
microfibrils networks

Figure 2: Schematic overview of elementary plant fiber structure [11].
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Through plant tissue, elementary fibers are embedded in a polysaccharide matrix called middle
lamellae. The association of elementary fibers within middle lamellae is defined as fiber bundle
(i.e. technical fiber). The property of fiber bundle stems from the associative effect of
elementary fibers. Impacts of the aforementioned parameters on mechanical performances,
hygroscopic properties and sustainability of elementary plant fibers will be tackled in following

sections.

I.1.b. Overview of the biopolymer matrices
Biopolymers are barely defined in an unanimous paradigm by scientists, designers and
chemical engineers. The most uniting definition identifies biopolymers as polymers being (1)
biobased i.e. extracted from natural entities, (2) biodegradable under aerobic conditions by

microorganisms and enzymes or (3) biobased and biodegradable [12].

Biobased polymers may arise from plants, animals or bacteria. From these families, various
natural substances are recovered to synthesize the final bioplastics. Among them, starch,
lignocellulosic biomass or vegetable oils predominate biopolymer market. From the production
of polylactic acid by corn to lignocellulosic fermentation to obtain biobased ethylene, an
exhaustive list of biopolymers synthesized from ecological resources already exists in the
literature ([13]-[15]). Even if the number and rate of use of biopolymers are still insignificant
compared with synthetic polymers, their predicted growth could lead to the replacement of 30-

90% of their synthetic counterparts in the future [16].

However, it is essential to remind that biobased polymers are not essentially biodegradable.
Figure 3 elucidates this nuance by dividing biopolymer matrices into three different groups.
The first group incorporates the naturally biodegradable polymers. Their synthesis relies on
hydrolysis or microbial fermentation of raw polysaccharides without any structural changes.

By this way, only biodegradable polymers are produced. It represents the best candidates for

32

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



environmental and ecological motivations. Then, some polymers are designed to become
biodegradable. For example, chemical modifications can be applied on natural polysaccharides
to rearrange the macromolecular structure of monomers. For instance, it is used to produce
polylactic acid (PLA) or polybutylene succinate (PBS). In parallel, polymers synthesized with
synthetic monomers can be biodegradable in industrial compost. Polybutylene adipate
terephthalate (PBAT) belongs to this class of biopolymers. Then, the last family gathers the
biobased polymers that are not biodegradable. It concerns many derivatives from synthetic
polymers such as bio-polypropylene and bio-polyethylene whose ongoing investigations are

conducted to reach completely green products.
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e | FREE S5 k. @B . @
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Figure 3: Schematic representation of existing biopolymers and their natural/synthetic provenance [17].

[.2. Mechanical performances
A started mission aims to make the mechanical performance of natural fiber reinforced
biocomposites competitive with those of conventional composites reinforced with synthetic

fibers. Some of them are showing greater and greater rigidity over the carried investigations.
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Depending on the used fiber and matrix, the interaction at the fiber/matrix interface and the
manufacturing process, significant mechanical properties can be reached. A list of the various

material design parameters that directly affect these properties is given in the next section.

I.2.a. Influence of the natural reinforcement
As an evidence, natural fibers impact the mechanical behavior of biocomposites. Their
mechanical performances overcome those of steel or concrete in some aspects such as strength
to weight ratio [18]. Natural reinforcements exhibit a wide range of fibers whose inherent
properties vary with the type and nature of fibers, production area, growing and harvest
conditions. Nowadays, it exists several plant fibers of interest as reinforcements in NFRB such
as flax, hemp, coir, bamboo, etc. Their degree of performance as reinforcement in NFRB will

be determined by their biochemical composition and microstructure.

I.2.a.i. The impact of fiber structure and morphology

Starting with elementary fibers, the main structural parameter affecting their mechanical
performances is the microfibrillar angle. Decreasing the MFA improves the tensile modulus of
the fibers. Indeed, lower the MFA, better aligned the cellulose microfibrils with the loading

axis, more resistant the fibers [19]. This point is highlighted by Figure 4.

At the scale of fiber bundle, Tanguy et al. [20] evaluated two types of natural reinforcements
(flax and jute fibers) on mechanical properties of PP-based composites. Depending on the
investigated property, both formulations report assets. Indeed, the transverse properties of
jute/PP-MAPP exhibited a slightly higher stress at break (Obreak = 7.8 = 0.8 GPa) than flax/PP-
MAPP composites (Obreak = 6.7 £ 0.5 GPa) explained by the compact arrangement of jute fibers
(in bundles) compared to flax fibers which are more individualized and give a lower cohesion
in the transverse direction (Figure 5). However, flax fibers strengthen the longitudinal modulus

by 50% compared with jute/PP-MAPP because of the higher length (i.e. Lflax = [15-80] mm,
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Ljute = [0.8-6] mm) and limited lignin content (i.e. 2% for flax fiber against 11.8% for jute fiber

[8]) of flax fibers, improving the interactions with PP-MAPP matrix.
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Figure 4: Influence of MFA on tensile stiffness of wood fibers and samples [21].
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Figure 5: Structural organization of jute and flax fiber bundles. Cross-sectional images of A/ jute and B/ flax fiber bundles.
Longitudinal aspect of C/ jute and D/ flax fiber bundles [20].

I1.2.a.ii. The impact of biochemical composition

Pectin, hemicellulose, lignin and cellulosic microfibrils content change the mechanical

properties of plant fibers. For example, flax fiber exhibits a high-cellulosic content ([60-85]%
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) and great tensile modulus (EL = 68.9 £ 24.6 GPa) [5]. Then, the ratio between the coated
hemicellulose located all around the microfibrils (EOH) and the encrusted pectin chains filling
the inter-fibrillar space (EH) represents an influencing parameter too (Figure 6). Increasing EH

content would widen the space between the fibrils leading to debonding [19].

The organization of cellulose microfibrils also enlarges the loading capacity of fibers. Similarly
to polymer network, crystalline areas will bring more stiffness and toughness to fibers
compared to amorphous regions. For example, comparisons between microcrystalline
amorphous cellulose (Ic = 48.5 + 1.1%) and more crystalline fibers such as flax fiber (Ic = 64.3
+ 1.1%) and hemp fiber (Ic = 59.7 + 2.0%) was investigated [22]. This approximate 30%-
increase in crystallinity index led to a 44% and 60%-increase in elastic modulus of the

aforementioned fibers.
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Figure 6: a) Schematic description of the biochemical components present in S2 layer of flax fiber and b) its impact on flax
fiber Young’s modulus [19]

I.2.b. Influence of the biopolymer matrix
Intrinsic properties of the used matrix are also directly linked to the final mechanical properties
of composites. With the aim of maximizing the mechanical performance of composites by
selecting the best matrix with the optimum volume fraction, Badouard et al. [23] explored the
use of fully compostable filaments for 3D printing applications, i.e. Flax/PLLA, Flax/PLLA-

PBS and Flax/PBAT where flax was introduced in the form of shives or short fibers at 10wt%.
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The results showed a longitudinal tensile modulus of 217 MPa and an elongation at break of
364% for PBAT-based 3D-printed specimens (more flexible). These values are clearly in
opposition with those of PLA-based specimens having a longitudinal tensile modulus of 3968
MPa and a low elongation at break of 1.2%. The blend PLLA-PBS shows a mechanical
performance close to PLA-printed parts with 2786 MPa in tensile modulus and 1.8% in
clongation at break. Although associated with short fiber reinforcements, the matrix owns a

significant influence on the mechanical properties of 3D-printed composites.

I.3. Hygroscopic performances
A rising interest of using natural fiber reinforcements in composites relates to their ability to
swell or shrink when subjected to a moisture gradient. As previously discussed, the
biochemical composition of natural fibers is made of hydrophilic and hydrophobic compounds.
The presence of hydrophilic polysaccharides (hemicellulose, pectin) facilitates the water
sorption and moisture uptake of the plant. Those phenomena induce a swelling stage and
consequently a reorganization of the local arrangement of polymer chains and a modification
of dimensional properties. For this reason, the hydrophilic behavior of natural fibers represents
a lock for designers targeting performing load bearing applications. However, it is also a source

of inner restructuration that can lead to the conception of water-induced smart materials [24].

I.3.a. Water sorption
As old as the Earth plants have endured and crossed the ages for millions of years [25]. Main
contributors of the fauna survival, all natural beings depend on their functionalities. The
understanding of plant/water interactions have been guiding scientists towards the development
of high performance water-sensitive materials. Controlling the water sorption and transport
within cleverly manufactured structures allows today the control of their deployment. With this

in mind, a closer look to the water sorption at fiber and composite scale is proposed.
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I1.3.a.i. At the fiber scale

The multicomponent and multilayered architecture of natural fibers charts the inherent
complexity of biological systems; helping them to target specific functions (e.g. shape-
changing, water supply, stress release). Water sensitivity is emphasized by the physical bonds
appearing between water molecules and a substrate [26]. In natural fibers, hydrogen bonds are
created between water and polysaccharide macromolecules exhibiting polar groups
(hemicellulose and pectin). Cellulosic region is also sensitive to water sorption although the
crystallinity index can inhibit/accentuate this effect. For example, the disorganized nature of
the amorphous phase promotes both water sorption and diffusion. In the opposite, crystalline
regions are denser and exhibit a lower accessibility, i.e. fraction of reactive cellulose interacting

with water molecules, that both prevent water uptake (Figure 7) [27].
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Figure 7: Impact of (a) density and (b) accessibility of cellulose fibers on water regain [27]
Besides, other parameters such as degree of crystallinity of microfibrils or availability of
hydroxyl functions also impact the sorption mechanism of natural fibers [27], [28]. From these
interactions, two types of water molecules are identified: bound water that create hydrogen
bonds with polysaccharide and microfibrils chains and free water incorporating water
molecules contained in microcavities (lumen) [28]. Sensitivity of natural fibers to water uptake

is estimated by gathering both free and bound water inside their structure.
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The isothermal sorption behavior of flax fiber is based on Park’s model [29], describing a three-
step sorption behavior with 1) water interacting with hydrophilic groups and microcavities at

fiber surface, 2) water going-through specific sites inside the fiber and then 3) accumulation of

water molecules forming clusters as RH increases.

Regarding technical flax fibers, the sorption mechanism follows a sigmoidal trend
corresponding to Park’s model as illustrated in Figure 8. However, the desorption slope does
not take the same path. This decay is considered as structural damages caused by elementary
fiber swelling (tackled in Section 1.3.b.i.) at the fiber/fiber interface [30] and the removal of

hydrophilic polysaccharide present in the middle lamellae.
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Figure 8: Sorption/Desorption cycle of flax fiber bundles and regression with Park's model [29]

Sorption and desorption are complexly related mechanisms in natural systems. The degree of
the hysteresis between sorption and desorption gives information about the water accessibility

to fiber cell wall and the most critical range of humidity for fiber integrity.

Figure 9a emphasizes the hysteresis evolution as a function of relative humidity. It appears that
higher hysteresis is observed for low RH and thus major structural variations of fibers due to
water uptake occur at low RH. Higher and more distinct hysteresis means less stable fiber that

are more difficult for water molecules to penetrate. According to Okubayashi et al. [31], the
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significant difference between hysteresis of lyocell (46.9%) and cotton (24.7%) fibers,
illustrated in Figure 9a, is due to lower crystallinity, larger pore volume and inner surface area
of lyocell that promote water wicking. This water wicking can appear at different areas such as

fiber external surface, in the amorphous regions, in voids and crystallites (Figure 9b).
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Figure 9: a) Hysteresis between sorption/desorption mechanisms of (@) lyocell and (©) cotton fibers. b) Areas of water sorption
inside fiber cell wall [31]

I1.3.a.ii. At the composite scale
Water molecules have three possible options to permeate biocomposites : through fiber cell

wall, through macromolecular network and/or at the fiber/matrix interface where microcavities

are often observed [32].
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Indeed, depending on the inherent fiber content, the sorption behavior of the material is affected
(Figure 10). For high fiber volume fraction, water diffusion is promoted since natural fibers are
highly hydrophilic and hygroscopic. From this specificity, a percolation mechanism has been
proposed by Wang et al. [32] in 2006 inside natural fibers reinforced composites (NFRC). This
phenomenon relies on the random distribution of fiber within the X-Y plan. Indeed, fiber
clusters represent significant sinks for water sorption and their interconnections promote the
water diffusion. However, not all fiber are involved in a continuous path of water. An insulated
fiber will have an impact on water sorption, but not at all on conduction properties (Figure 11).
For this reason, the apparent diffusion coefficient D takes into account the « infinite cluster »
created by specific fiber loading [33]. The authors concluded that fiber content triggers the
diffusion models. For high fiber content (Vf > 65%), accessible paths for water exist; the
diffusion is predominant. For low fiber content (Vf < 40%), porous paths are lower and more

tortuous which leads to a percolation mechanism.

However, this behavior is modified for continuous fiber reinforced composites where natural
reinforcements follow a specific direction. Djellouli et al. [34] estimated the hygroscopic
properties of 30% reinforced flax-epoxy composites. The water diffusion in such material is
promoted by the flax fibers hydrophilicity and its lumen. They found a diffusion parameter in
the longitudinal axis Dx (650mm?/s) 100 times higher than Dz (6 mm?/s) and 2 times higher
than Dy (290 mm2/s). Besides, water sorption is the highest in the x direction (9.14%) since
hydrophilic compounds of flax fibers are numerous and react by H-bondings with water
molecules. This leads to a stress state at the fiber/matrix interface resulting into micro-cavities
and more space for water storage (Figure 12). More details about water-induced water swelling

inside composites is written in Section 1.3.b.ii.
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Figure 10: Impact of fiber content on sorption behavior of natural fiber reinforced composites (adapted from [32])

Figure 11: Schematized a) one-path and b) two-path water diffusion inside natural fiber reinforced composites. "F" represents
fiber which takes part in the diffusion process, "I" represents the isolated fibers forming loops with diffusion path and "e"
represents the end of located clusters [32]
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Figure 12: Microcavities induced by flax fiber swelling at the fiber/matrix interface [29]
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1.3.b. Hygroexpansion

The parameters used to describe the hygroscopic behavior of biocomposites are : moisture
content (AM) and hygroexpansion (€nyg). Following their evolution along time, the hygroscopic
coefficient Bnyg iS obtained (i.e. slope of the curve enyg = f(AM)). The higher the hygroscopic
coefficient, the greater the hygroexpansion of biocomposites at low moisture content. It worth
noting here that the term hygroexpansion represents the swelling process of a material
subjected to various humidity range, whereas hydroexpansion symbolizes the swelling process
of a material in total water immersion [35]. In this section, a deep look is given to the

hygroscopicity of natural fibers and natural fiber reinforced biocomposites.

L.3.b.i. At the fiber scale

The water uptake of natural fibers generate local rearrangement of polysaccharides chains and
cellulose fibrils that induces the swelling mechanism. This anisotropic reshaping is controlled
by both microfibrillar angle and biochemical composition [36]. Water-induced swelling is an
anisotropic feature of natural fibers [37]. It is based on the water molecules that penetrates into
the lignocellulosic network. However, water does not penetrate the cellulose fibrils. For this
reason, a major parameter regulating fiber swelling is the microfibrillar angle since water will
increase the volume occupied by the matrix leading to the spacing of microfibrils. Closely
oriented along the fiber axis, the spatial shift of microfibrils is accentuated in the radial

direction while longitudinal swelling is negligeable.

For example, factor triggering the hygroexpansion of paper have been examined [38]. Among
the constitutive elements constituting the wood cell wall showed in Figure 13b, hemicellulose,
lignin and elementary cellulose fibrils do not have the same accessibility for water molecules.
Hemicellulose chains exhibit the highest contribution considering their higher sensitivity to

water (and so water sorption) while lignin chains reduce the water retention capacity and thus
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amplitude of hygroexpansion ([35]). For instance, Pejic et al. [39] observed a 20% increase in
water retention of modified hemp fiber whose lignin content is equal to 3% compared to
unmodified hemp fiber (lignin content = 6%). An opposite trend is reported by decreasing the
hemicellulose content from 10.7 % (unmodified hemp fiber) to 3.6% (modified hemp fiber)
which generates a 10% decrease in water retention. Then, the microfibrillar angle also impacts
the mechanisms. Indeed, a higher MFA tends to increase the longitudinal swelling but reduces
the transverse one [40]. Therefore, MFA-value influences the contribution of polysaccharide

swelling on the entire hygroexpansion process [41].

At the fiber scale, wood cell wall is composed of three different layers made of crystalline
cellulose and hydrophilic matrix (amorphous cellulose, hemicellulose and lignin) captured in
Figure 13a. Using X-ray nano-tomography, Rafsanjani et al. [42] evaluated the swelling ability
of elementary layers containing S1, S2 and middle lamella. Volumetric strains induced by
water has shown a total expansion of S2-layer of gv=0.25 that is decreased by adding a
surrounding S1-layer (ev=0.17). The presence of S1 layer limits the radial swelling strains due
to the high MFA compared to S2. In conclusion, the swelling behavior of plant cell wall is due
to the hydrophilic effect of amorphous matrices (hemicellulose and pectin). The resulting
interactions with water molecules induces a reorganization of tissues pictured by the swelling

behavior.
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Figure 13: a) Inner scheme of wood cell wall (adapted from [42]). b) Microfibril section made of arranged cellulose elementary
fibrils and hemicellulose delimited by lignin layer (adapted from [38]).
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Figure 14: Hygroscopic coefficient as a function of MFA in the S2 layer of wood fiber [43].

S2 layer is a fundamental stakeholder of fiber’s hygroscopicity [43]. Since it represents the
organized layer where microfibrils are specifically oriented, the MFA dictates cell wall
swelling. As illustrated in Figure 14, changing the MFA in the S2 layer will affect the

hygroexpansion coefficient in transverse and longitudinal direction.

Regarding macromolecular arrangement, amorphous/crystalline cellulose ratio has also an
impact on hygroexpansion process as long as MFA exceeds 20° [44]. Besides, a distinction
can be done on the importance of lignin and hemicellulose chains on longitudinal and
transverse expansion. The high number of hydroxyl groups in hemicellulose chains is basically
used for increasing mechanical performance of lignin-carbohydrate network surrounding
fibrils and promoting its association with hemicellulose and lignin matrices [18]. Since water
interacts with OH™ groups, this function is not realized anymore and mechanical properties drop
down. Importance of interlayer is also tackled and a strong connection between considered

components (S1-part and S2-part) and anisotropic swelling is observed.

Same study has been conducted on other natural fibers such as flax. Figure 15 displays the

hygroscopic behavior of elementary flax fiber. Regarding the linear part of the curve, a
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regression can be done to evaluate the slope, that represents the hygroscopic coefficient

(previously defined) of elementary flax fiber, here equal to 1.14 [45].

At the bundle scale, the expansion mechanism is a cumulative effect of constitutive elementary
fibers (Figure 16). The radial expansion occurs in the fiber cell wall, i.e. where cellulosic fibrils
are located, and in the middle lamellae formed of hydrophilic lignocellulosic macromolecules.
Bound water interacts within middle lamellae and cell wall; increasing transverse and out-of-
plane dimension and reducing the lumen section. Free water does not intervene in the swelling
mechanism. Taking back the example of flax fiber, the hygroscopic coefficient of flax fiber
bundle reaches 1.06 [46]. This is slightly lower than the hygroscopic coefficient of elementary

flax fiber (Bnyg = 1.14 [45]) because of the additional free water at the fiber/fiber interface.
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Figure 15: Hygroscopic behavior of flax fiber bundles. Inset represents the linear regression that allows to evaluate the
hygroscopic coefficient [45]
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Therefore biochemical composition and morphological features give to natural fiber a personal

sensitivity and hygroscopicity governed by their functionality [35]. Table 1 exhibits the various

hygroscopic coefficients measured for five different fiber bundles (Palm, Sisal, Hemp, Flax

and Nettle) related to their inherent properties.

Table 1: Connection between radial hygroscopic coefficient (Brnyero), biochemical composition and MFA of five natural fiber
bundles (adapted from [35]).

Plant species | Brnygro | Cellulose (%) | Hemicelluloses (%) O(t;e)rs Lignin (%) | MFA (°C)
Palm 0.42 451+ 3.4 27.7+4.9 11 16.2+0.3 44
Sisal 1.49 60.1+1.2 23.3+21 9 9.3+0.1 20
Hemp 0.92 68.8+1.3 9.8+1.8 17 47+0.3 9
Flax 1.67 649+29 99+39 21 3.7+0.3 8
Nettle 1.70 51.7+0.9 99+1.2 34 46+0.2 8

1.3.b.ii. At the composite scale

Swelling of natural reinforcements induced by water sorption and ingress between the plant

tissues causes structural variations of the laminates reflected by an in-plane and out-of-plane

47

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



expansions. Responsible for the anisotropic properties of the material, plant fiber is the main
component to configure the hygroscopic expansion (rate and curvature) to composites.

When surrounded by PLA-matrix, wood fibers exhibit a swelling capacity twice lower than for
unconstrained fibers, downgrading from 0.2 to 0.4-0.5 &/RH (Figure 17a) [47], that shows the
swelling restriction by the matrix being less-sensitive and less-swellable to water uptake.

Variations in the cross-sectional shapes denotes this impact, as illustrated in Figure 17b.
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Figure 17: a) Swelling amplitude of free and embedded wood fibres for three extraction techniques : thermomechanical pulping
(TMP), chemithermomechanical pulping (CTMP) and kraft pulping (Kraft). b) Qualitative study of structural variations
between embedded (a-b) and free (c-d) wood fibres at dry and wet state (adapted from [47]).

Similar results are obtained with technical fibers. For example, Le Duigou et al. [45] studied
the relation between fiber hygroscopic expansion and residual stress of flax/PP+MAPP
composites. When surrounded by PP+MAPP matrix, the flax fiber swelling is constrained
which generates internal stresses in the interfacial area (Figure 18) where microcavities appear
(Figure 12). The maximum radial swelling of 21% for flax/PP+MAPP biocomposites was
reached at 98% RH. The residual stress evaluated was defined as the sum of the radial stress
and thermal contribution generated during process (compression molding) and hygroscopic
stress generated during storage. Consequently, the higher the relative humidity during storage,
the greater the swelling of the flax fiber and the higher the residual stress at the fiber/matrix

interface.
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Figure 18: a) Schematic residual stresses generated by technical flax fiber expansion upon moisture uptake [45]. b) Out-of-
plane hygroexpansion of beam-like biocomposite reinforced with short natural fibers [48].

Abida et al. [46] also tried to get knowledge about the swelling mechanism of flax fiber within
flax/epoxy composites. The measured radial swelling coefficient of flax yarn was of 1.06 while
the transverse and out-of-plane hygroscopic coefficients of composites was up to 0.13 and 0.85.
These low expansions in the weft and out-of-plane directions can be explained by the low
hygroscopic coefficient of the epoxy matrix preventing the maximum swelling of flax yarns in
both directions. Almgren et al. [48] conducted researches on the impact of the matrix choice
(PP and PLA) on the hygroexpansion of randomly oriented wood-fiber reinforced composites.
According to their results, using a hydrophobic matrix PP represents a lock for the out-of-plane
hygroexpansion of wood fibers. Since they worked with randomly oriented wood fiber-
reinforced composites, transverse and axial hygroexpansion could not be studied. Moreover,
they evaluated the role of chemical treatment on hygroexpansion process. Introduction of
additive (BTCA) increases the cross-linking state of the matrix and thus lowers the
hygroexpansion of wood fibers [49]. A transverse coefficient of hygroexpansion equal to 0.28

was found for unmodified dispersed short wood fiber-reinforced molded composites.

I.3.c. Hygroelastic properties
One highly targeted aspect of biocomposites is the impact of water sensitivity induced by
natural fibers on their mechanical properties. While the insensitivity of synthetic fiber, i.e.

carbon or glass fiber, to water absorption means that they retain good tensile properties [50],
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[51], composites reinforced with natural fibers show a notable reduction in their mechanical

performance. In load-bearing applications, it actually represents a lock to their development.

At the composite scale, the drop of hygroelastic properties can be due to several factors as
described for seawater ageing of flax/PLLA composites (Figure 19a) [52]. Firstly, water uptake
brings chain scissions of the PLLA matrix (representing the hydrolysis mechanism) that affects
the mechanical behavior of biocomposite. Secondly, the higher anisotropic swelling of flax
fibers compared to PLLA-matrix creates stress at the fiber/matrix interface. Moreover, water
going through flax cell walls reacts with hydrophilic groups of hemicellulose and pectin chains
lowering the stress transfer ability of the material. In this sense, a systematic decreases of the
tensile modulus in hemp/polyester composites were reported by Dhakal et al. [53] between dry
to wet specimens. This loss of performance was accentuated by the fiber content, going from
11%-reduction when Vf = 10% to 46%-reduction when Vf = 26%. Besides, an interesting
difference between fracture mechanisms of dry and wet flax-reinforced biocomposites during
a flexural test is revealed. While the dry biocomposite exhibits a clear brittle fracture, the wet
one presents a lot of secondary cracks which are induced by the water diffusion at the interface
between fibers and matrix causing debonding and delamination. Interfacial properties of
biocomposites are also significantly reduced in humid environments ([54], [55]) For instance,
Réquilé et al. [56] attested a 13% reduction of tangent modulus for hemp/epoxy biocomposites
(Figure 19b). Finally, the kinetic and amplitude of mechanical loss as a function of water
sorption is dictated by the water accessibility to fiber cell wall. A higher number of fiber cross
sections along the length will improve the hydrophilicity of the surface leading to a better water

percolation [57].
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Figure 19: a) Evolution of Young modulus of flax/PLLA biocomposites as a function of immersion time [52]. b) Evolution of
tangent modulus of hemp/epoxy biocomposites as a function of moisture content [55].

At the fiber scale, the evolution of mechanical properties in humid environments relies once
more on the proportion and accessibility of hydrophilic lignocellulosic chains within its cell

wall. However, a minimum water content is indispensable in flax cell wall to ensure cohesion

of cellulose microfibrils and rearrangement of lignocellulosic chains during load transfer [58].

However, in contrast with synthetic fibers which do not exhibit a significant sensitivity to water
uptake, natural fibers appear as a perfect reinforcement for the development of water-induced
shape-changing biocomposites, referring to Hygromorph BioComposites (HBC). This
attracting research topic is increasingly quoted in the scientific literature ([24], [40], [59]) since
its development could allow the creation of smart performance tools in medical, building, load-

bearing, artistic and environmental fields.

[.4. HBC : a new range of shape-changing materials
I.4.a. What triggers the actuation of HBC ?
Since the natural fibers on mechanical and hygroscopic properties of biocomposites has been
unveiled in previous sections, time has come to finely describe HBC and how it is activated.
HBCs represent a new range of moisture-induced shape-changing materials. The actuation of

HBC arises from a biomimetic approach in which the differential expansion between two
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asymmetrical layers generating a moisture-induced reconfiguration of the material reproduces
biological self-deploying process.

Asymmetric structures are often reported as bilayers. This mechanism has been defined by
Timoshenko for thermal bilayers [60] but can be applied to hygromorph materials ([61]-[63]).
The given equation allows for evaluating the response curvature of the HBC as function of
hygroelastic properties and structural features :

AK = ehyg*f(mn)

Equation 1
h (Equation 1)

6(1+m)?
3(1+m)%+(1+mn)(m? +%)

f(m,n) =

(Equation 2)

With hygroexpansion strains (enyg) defined by the multiplication of the hygroscopic coefficient
AP and the moisture content after saturation AM of the material. The structural parameters

affecting the bilayer curvature are symbolized by h, m and n, where h represents the sample
thickness, m = Z—Z the thickness ratio and n = g—z the stiffness ratio between passive and active

layers respectively (Figure 20).

Active layer —

Passive layer

| Cooooo 00 0o 00

\Y - AM

=4
=

Figure 20: Schematic actuation of bilayer structure.

The key parameter governing the actuation mechanism of Hygromorph BioComposites is the
hygroexpansion of plant fibers. Increasing the natural fiber content within HBC promotes both
maximal curvature, i.e. responsiveness (Figure 21a), and actuation speed, i.e. reactivity (Figure
21b) [64]. Wide range of natural fibers, e.g. flax, jute, kenaf and coir, may act as potential

actuators within Hygromorph BioComposites. Depending on the selected natural

52

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



reinforcement, significant differences in actuation properties (reactivity and responsiveness)
are identified (Table 2) [40]. This is linked to the specific morphology, microstructure and
biochemical composition of each natural reinforcement but also their intrinsic swelling
properties (Figure 22 and Table 1). For example, anisotropic ratio and lignin content are the
main criteria to identify a plant fiber usable for HBC design with durable actuation over
wetting/drying cycles. As a reminder (Section 1.3.a.i), flax and jute fiber are mainly composed
of hydrophilic components, i.e. between 10 and 20% of hemicellulose and pectin part, and a
low content of hydrophobic lignin chains, i.e. from 2 to 3% for flax fiber and from 12 to 13%
for jute fibers [40]. This specific composition promotes the water uptake and makes jute and
flax fibers more interesting reinforcements for HBC, reaching a final curvature of 0.095 mm*
for Flax/MAPP and 0.094 mm™ for Jute/MAPP composites. In comparison with a more
hydrophobic plants such as coir (lignin content = 40-45 %), the curvature potential of
coir/MAPP is outmached (Ax = 0.027 mm-1) [40]. However, the lignin content plays an
important role in the sustainability and life span of biocomposites since they prevent the sugar
release during sorption/desorption cycles, thus slowing down the biodegradation process by
hydrolysis. Then, the lumen size (Figure 22) and MFA are both primordial parameters
considering the microstructure of the plant. Low MFA enhances the bending deployment by
increasing the curvature response [40]. Reaching the greatest curvature is based on a thorough
optimization of the material selection but also on the mesostructure/dimension of passive and

active layers (Figure 20).
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content [64]

Table 2: Hygroelastic and shape-changing potential of HBC reinforced with various natural fibers (adapted from [40])

Materials AP (e/Am) Enygro (%) n (wet state) K (mm-1) K/thickness
Flax/MAPP 0.107 3.55 10.9 0.095 0.044
Jute/MAPP 0.11 3.70 9.95 0.094 0.043
Kenaf/MAPP 0.07 2.80 9.1 0.088 0.040
Coir/MAPP 0.03 1.10 2.1 0.027 0.013
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In this perspective, Le Duigou et al. [24] have quantified the bending actuation of flax/PP
bilayer biocomposites by studying the effect of the thickness ratio between the passive and
active layers on the amplitude of response. As displayed in Figure 23, a thickness ratio of 0.5
allows for exacerbating the amplitude of curvature at 0.052 mm-1, which is 30% and 40%
higher than when thickness ratio is of 0.05 or 1, respectively. Bending actuation can be
predicted by controlling hygroelastic properties and layer thickness ratio according to
Timoshenko’s equation (Equation 1) [60]. Differential swelling between passive and active

layers is the source of biocomposite actuation but can also promote fiber/matrix debonding.
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Figure 23: Curvature evolution of Flax/PP HBC during (a) sorption and (b) desorption cycles (adapted from [24]).

Each of these influencing factors must be considered in the material selection and structural
optimization to elaborate complex shape-changing biocomposites designed to cover specific
applications. However, some limitations remain unsolved such as the role of matrix and
structural features (distribution of rigidity between layers, porosity, specimen dimension) on

actuation potential and are tackled in Section 1.5.

I.4.b. Water ageing of HBC
Shape-changing has an impact on structural features and matter cohesion inside bilayers.

Internal stresses are developed through the smart structure at the fiber/matrix interface where

55

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



unsensitive matrix constraints the fiber swelling. Consequently, as observed by Popineau et al.
[65] on flax/PP-MAPP made by Vacuum Bar Only Moulding and and Péron et al. [66] on
flax/MAPP composites made by hot pressing process, both submitted to numerous
sorption/desorption cycles, micro-cracks in the matrix are generated which influence both

sorption and mechanical properties of biocomposites.

Figure 24 displays the evolution of longitudinal and transverse moduli of flax/PP-MAPP
biocomposites (Vf = 42%) overcoming several hygrothermal cycles with different ranges of
humidity at saturation. From 11% to 50% RH, the decrease of longitudinal and transverse
moduli is of 9% and 26%, respectively. Furthermore, from 11% to 99% RH, the drop is
exacerbated, reaching 30% and 50% respectively. The hornification mechanism, i.e. the
restructuration of pores and reorganization of H-bonds linking polysaccharides when removing
water from the fiber, may play a significant role in the loss in dry mass along cycles and the
modification of mechanical properties [67]. Besides, permanent out of plane swelling is

reaching 3% in saturated conditions and 1% for transient one-week cycle conditions.
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Figure 24: Evolution of (a) longitudinal and (b) transverse modulus of flax/PP-MAPP biocomposites under several
sorption/desorption cycles at various range of humidity [65]

With regards to internal stress, increasing the moisture content inside the structure seems to
decrease its impact owing to the relaxation effect resulting from plasticization of the matrix.

The stress state of bilayers depends on the cycling conditions. When stored at 50% RH until
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saturation and placed at 99% RH until saturation, the fiber swelling has a sufficient time
interval to be completed. The applied pressure on surrounding matrix is maximal at the
fiber/matrix interface, even if relaxation of matrix allows for a decrease of internal stresses.
Placing specimens back to 50% RH until saturation, fibers shrink at the maximal point
generating cracks inside the structure (Figure 25a). Moreover, the hygroscopic stress evaluated
in transitional regime gives insights on the stress state evolution over moisture content (Figure
25b). For this reason, both amplitude of humidity range and duration of exposure to specific

relative humidity are of paramount importance in the climatic ageing of biocomposites.
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Figure 25: Evolution of internal stresses inside flax/MAPP bilayers over various desorption/sorption cycles a) at saturation
and b) in transient conditions [65].
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I.4.c. Range of applications and development
Hygromorph Biocomposites are more and more designed to join performing and environmental
standards. In load-bearing applications, it is possible to find them in the deployment of new
innovative systems such as autonomous houses (Figure 26a) [68]. Thanks to hygroscopic
material properties, bilayer-made windows can adapt their shape to environmental changes to
promote brightness in the house in sunny weather and closure of the windows in rainy days.
These characteristics of natural fiber reinforced bilayers are also developed for solar tracking

purposes to optimize solar energy recovery [69].

50mm
—

Figure 26: (a) Meteorosensitive house made of moisture-induced morphing windows as innovative prototypes for
environmentally-friendly and energy-saving applications [68]. (b) Moisture-sensitive solar tracker prototype. [69].

Still on load-bearing structures, flax/PP HBC have emphasized a promising blocking force, i.e.
generated force during water uptake, of 0.45 N assessed by increasing fiber content and
improving interfacial strength. Even if this value is very low compared to blocking force of
biological model, e.g. from 2.2 to 3.6 N for a pine cone scale, it opens an interesting door to

the creation of autonomous water-driven force-generator devices [70].
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[.5. Current locks regarding the actuation of HBC
Despite being an innovative and ecological materials, the development of Hygromorph
BioComposites has encountered a number of challenges. This encourages scientists in their
quest for knowledge about more suitable structures and associations of materials to broaden

the field of application of HBC.

I.5.a. Limited reactivity
Hygromorph BioComposites are emphasized by the swelling behavior of natural fibers that
dictates the motion. However, the fiber swelling outmatches composites swelling owing to the
constraining effect of biopolymer matrices ([29], [35], [56]). Indeed, while natural fibers are
water-sensitive compounds, biopolymer matrix is mainly unsensitive to interactions with
water. For this reason, the expansion mismatch between fibers and matrix reduces the actuation
potential of HBC. There are three solutions to this problem : (a) increasing the fiber volume
fraction inside the material and/or (b) optimized the selection of biopolymer matrix to liberate
the morphing potential of natural reinforcements and/or (c) designing the structure to accelerate

water sorption and actuation.

Tackling the first solution, fiber content exacerbates actuation performances as previously
illustrated in Figure 21. However, increasing fiber volume fraction is not so trivial since an
optimal proportion of fibers is important to maintain both the mechanical properties and the
integrity of the material (Figure 27). Besides, it is also limited by the feasibility of
manufacturing processes and the resulting quality of the specimen [71]. Consequently, deeper
insights must be obtained on the matrix selection to unshackle as much as possible the fiber
swelling. Then, architectural design promoted by novel manufacturing techniques also

represents an important aspect to consider.
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Figure 27: Impact of fiber content on (a) tensile modulus, stress and strain and (b) impact strength of kenaf/TPU composites
(adapted from [72]).

I.5.b. Limited shape-changing pattern and responsiveness
In the development of HBC, the bending potential has figured as the most investigated shape-
changing pattern in the scientific society since it allows for quantifying the morphing potential

of HBC based on Timoshenko’s theory (Equation 1) [60].

However, many structural features might widen the range of deployment of these smart
structures, e.g. layers rigidity, thickness ratio or matter distribution. Although conventional
manufacturing processes (e.g. injection molding, compression molding, vacuum infusion)
have represented a bottleneck in the designability of complex architectures and control of these
architectural features, 3D-printing, i.e. an innovative technique for polymer, composite and
metal fabrication, is today proposing a more extended approach of material distribution and

control of the targeted structure.
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II. The revolutionary role of additive manufacturing in the
design of HBC

IT.1. Fused Filament Fabrication (FFF)

Additive manufacturing has recently been getting attention from industrials, scientists and
designers. Based on a layer-by-layer deposition, this manufacturing process aims to design
complex and exclusive parts to meet structural and architectural expectations. There are several
additive manufacturing techniques that can be of interest depending on the structure and
dimensions of the material (photopolymerization, powder bed fusion, fused filament
fabrication). Stemming from the invention of the stereolithography by Charles Hull in 1983,
the Fused Filament Fabrication belongs to the 3D-printing category of material design. 3D-
printing presents a wide range of applications going from pure polymer ([73], [74]), composites
([75], [76]) to metals ([77], [78]).

Among them, continuous fiber-reinforced composites have attracted great interest owing to
their significantly higher mechanical performances than short fiber reinforced composites [79].
Their benefits have been highlighted in several articles ([80]-[83]).

In this work, materials positioned at the interface between mechanical performances and
environmental consciousness are biocomposites reinforced with natural fibers. Their place on
the load-bearing market has been growing from the start of the 21th century ([84]-[86]).
Knowledge about the printability of this class of composites and how slicing and printing

parameters tend to influence the printing quality and material integrity is being acquired ([69],
[70]).

II.1.a. Filament production
Before tackling the architectural asset given by 3D-printing, some general information on
filament production must be developed. Up to now, there are two different ways to fabricate

continuous natural fiber reinforced filament for 3D-printing purposes. The first one is a two-
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step manufacturing process that distinguishes between filament production and filament
printing. In Figure 28a, Kurihara et al. [89] used co-extrusion process that allows for the
production of continuous flax fiber filament coated by a chosen matrix inside a heat nozzle.
The second is the in-nozzle impregnation of the filament prior to printing (Figure 28b), as used
by Matsuzaki et al. [90] to produce continuous jute/PLA (cJF/PLA) filament.
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Figure 28: a) Co-extrusion process used to fabricate continuous fibers/polymer filament [89]. b) In-nozzle impregnation of
continuous fiber/polymer filament [90].

Adding continuous reinforcements inside raw filaments exacerbates the complexity of 3D-
printing. Optimization of fiber impregnation and fiber content of filament must be standardized
to ensure printing quality and reproducibility of prints. One particular asset of in-nozzle
impregnation is the ease with which the filament diameter can be changed between prints to
optimize 3D-printed structures. Filament diameter has already unveiled significant impact on
tensile properties of continuous flax fiber/PLA (cFF/PLA) composites. Indeed, the diameter of
the manufactured filament is directly correlated to its fiber volume content and impregnation
properties. Using 68-Tex continuous flax fibers, Zhang et al. [91] showed that a diameter of
1mm after the impregnation of the matrix was optimal to get both satisfying fiber volume

fraction and homogenous surface.

I1.1.b. 3D-printing of continuous fiber reinforced composites
Lanzotti et al. [92] devoted an important part of their work on the study of printing process
parameters on the dimension accuracy of 3D-printed PLA parts. They were especially focused

on three impacting factors; the layer thickness, the deposition speed and the flow rate. It appears
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that the deposition speed represents the most impacting parameter considering the process
reliability. However, it might be possible to optimize the dimensional accuracy by running the
printing in a reasonable amount of time. Indeed, the flow rate factor has also an important
influence and could maintain a balance between these two related factors. In the same idea,
Ficzere et al. [93] evaluated the relative fracture in response to a change of layer height in PLA
printed parts. However, adding natural reinforcements inside filament complexifies the 3D-
printing process. A thorough and accurate adjustment of slicing and printing parameters is

primordial.

At the composite scale, Matsuzaki et al. [90] published the first study tackling the 3D-printing
of continuous natural fiber reinforced structures. Combining jute fibers with PLA matrix, the
gap in performance was reported compared with continuous carbon fiber reinforced
composites. However, investigations have recently proved the potential of continuous fiber to
challenge the stiffness and strength of synthetic reinforcement inside the structure. cFF/PLA
biocomposites belong to these range of materials ([79], [94]). Thanks to the stiffness of flax
fibers, 3D-printed biocomposites achieve the tensile modulus and strength of conventional 3D-

printed continuous fiber composites as illustrated in Figure 29.

Furthermore, there are still ways of achieving higher mechanical performances [87]. Firstly,
the fiber content driving material resistance over mechanical loadings is limited inside 3D-
printed biocomposites. A low fiber content ( < 30%) enables a compliant filament viscosity for
3D-printing process. Increasing this content creates an irregular material flow through the
nozzle which generates poorly printed parts. Secondly, fiber aspect ratio should be considered
since it reduces the load transfer at the fiber/matrix interface causing debonding (low aspect
ratio) or promotes clogging (high aspect ratio). Last, the formulation requires optimization

(fiber type, crop conditions, matrix selection) to maximize the mechanical performances.
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Figure 29: Comparison of tensile modulus and tensile strength between 3D-printed continuous synthetic and natural fiber
reinforced composites (adapted from [79]).

Slicing parameters give to designers a relatively wide range of adaptation in the control of the
final 3D-printed structures. Among them the Interfilament Distance (ID), the Number of Layers
(NL), the Layer Height (LH) and the Number of Trips (NT), have shown an impact on final
mechanical properties of cFF/PLA biocomposites (Figure 30a) [88]. The closed connection
between slicing parameters and mechanical properties relates to the presence of porosity
(Figure 30b). For example, increasing LH from 0.2mm to 0.6mm lowers the compression ratio
about during printing which results in higher porosity content (+15%) and lower mechanical
properties from 17.2MPa to 9.5MPa [88]. Optimizing the slicing parameters to minimize the

porosity content enhances the mechanical performance and are essential to get the best balance

between mechanical, interfacial and thermal properties [95].

Along with the 3D-printing of natural fiber reinforced biocomposites, some investigations were
conducted to quantify the impact of water-sensitive fiber on mechanical performances of the
material. Undergoing a stage in various humid environment (from 11% RH to 98% RH),

cFF/PLA 3D-printed biocomposites show an exponential decrease of 64% in longitudinal
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modulus, 64% in transverse modulus and 48% in shear modulus (Figure 31) [96] as induced

by yarn matrix debonding and PLA softening.

Finally, as a guide of the complexity of printing architectured materials, Fudos et al. [97]
configured a printability score which translates the capability of a 3D sample to be successfully
printed. This factor takes into account the geometrical complexity of the model as well as the
used design process (FDM, Binder jetting and Material jetting). The structural control is a
fundamental point to develop shape-changing or shape-memory materials gathered in the so-

called smart materials, i.e. when 4D-printing substitutes 3D-printing.
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Figure 30: (a) Scheme representing 3D-printing of continuous flax-fiber reinforced composites and the impact of (b) number
of trips, (c) interfilament distance, (d) number of trips and (e) layer height on composite mesostructured. This figure is adapted
from Le Duigou et al. [88]
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Figure 31: Evolution of (a) longitudinal modulus, (b) transverse modulus and (c) shear moduli of 3D-printed cFF/PLA
biocomposites as a function of moisture content [96]. Regarding the longitudinal modulus, E1 and E2 curves correspond to
the two measurable elastic moduli of biocomposites when reinforced by natural fibers. The calculation is explained by Shah
et al.[98]

I1.2. 4D-printing
The strategy of gathering mechanical performances and adaptive structure regarding the
external environments was a pioneer in the development of 4D-printed materials ([99]-[101]).
Nowadays different printing techniques are used to get access to a wide range of programmable
materials whose initial architecture (after printing) differs from its architecture of application
(after stimulus). The paradigm of 4D-printing is regulated by three laws introduced in Figure
32 [102]. 1) The shape-changing ability of smart materials actuated by external stimulus (pH,
thermal gradient, water uptake, UV-radiations) is induced by a differential expansion between

an active and a passive layer. 2) Main physical changes inside smart materials are categorized
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in four phenomena : mass diffusion, thermal expansion, molecular transformation and organic
growth. 3) Actuation Kinetic is governed by the inherent expansion of active and passive layers

respectively.
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Figure 32: Scheme of the paradigm of 4D-printing and the three governing laws [102].

The emergence of 4D-printing has given rise to two morphing strategies. One consists of using
the internal stresses generated through the 3D-printed structures to generate the reshaping
stage. It relies on the restructuration of components such as fiber swelling or sensitive polymer
when facing a specific stimulus [103]. The second one uses residual stresses induced by 3D-
printing process as a tool to tune the shape-changing pattern. By entailing mechanical energy
inside the structure, the structure will rearrange towards an optimal configuration when
deployed in a compliant environment [104]. Therefore, 4D-printed samples can be configured

by tuning the formulation and/or matter distribution in the structure.

I1.2.a. Actuation based on material selection
The field of 4D-printing is not applied to one specific range of materials but gathers multiple
families such as hydrogels [105], sensitive polymers [106], composites [107] and metals [108].

Formulating the bilayer structure is of importance to reach a significant curvature of response.
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Rajkumar et al. [109] compared different unreinforced thermally induced shape-changing
thermoplastics (i.e. PLA, HIPS, ABS) based on a thorough analysis of printing and slicing
parameters (printing speed, infill density, thickness). The internal stresses/strains gradient
generated between the layers by the FFF process, explaining this actuation, could be maximized
by controlling the printing speed, the infill density, the printing orientation and the material

thickness (Figure 33).

Besides, the printing order in the design of a bilayer actuator has also emphasized an actuating
factor [1]. Indeed, this parameter needs to be taken into account regarding the final curvature
achieved by the structure after its full deployment. In the case of PLA/TPU thermomorphs
materials, An et al. [110] explained that printing firstly the active layer, i.e. PLA layer, will
lead to a higher residual stress/strain implemented inside the laminates. This is due to the
temperature of the printing bed which is lower than the one of the constraint layer, i.e. TPU
layer. By printing the active layer first, the matrix gets into a fixed shape very quickly which
does not let enough time for a reorganization of the macromolecular chains, making the layer

in high energy mode with a considerable stress concentration (Figure 34).
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Figure 33: Impact of (a) printing speed and (b) sample thickness on actuation response of PLA, HIPS and ABS 3D-printed
specimens (adapted from [109]).
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Figure 34: Impact of printing order on actuation behavior of PLA/TPU thermomorph materials (adapted from [110]).
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I1.2.b. Actuation based on matter distribution
While a perfect overlap of passive/active layers leads to bending behavior, increasing the
complexity of the distribution of passive layer, active layer or both will change the final
response. For instance, Wang et al. [111] developed two strategies allowing to switch from 3D-
printed simple linear elements to complex self-deployable structures. The first strategy consists
in printing a straight line composed of one or more linearly connected active segments. The
other rests on the combination of active and passive segments which will generate a swelling
differential between layers. Emphasized in Figure 35, the anisotropic distribution would allow

to construct multiple bending directions within one simple linear piece.
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Figure 35: (a) 4D-printing of linear bendable structures and (b) reachable shape-changing patterns [111]
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In a parallel approach, Ueda et al. [112] gave some clues about the understanding of locally
controlled shape-changing mechanisms of short carbon fiber (sCF)/PA66 composites. To
control the bending process of short carbon fibers reinforced composites, they arranged the
printed layers very specifically. Their printed parts are composed of a solid one and a bendable
one. Whereas the first part exhibited a 100% filling rate, the second one displays a parallel
cross shape structure with a filling rate of 44%. Local orientation of the griders, i.e. printed
filaments, in the bending part influences significantly the bendability of the final part. Besides,
a phase-shift structure is more reluctant to bending because of the constraining effect of its
overlapped griders. This type of architecture can be assimilated to hybrid hinge structures
where a zone is kept free of motion by using a monolayer set up. This area is called the hinge
(Figure 36a). In line with this structure, Yamamura et al. [113] investigated the conception of
hybrid hinges composed of shape memory TPU in glassy state combined with a soft TPU in
rubbery state (Figure 36a). The influence of the hinge length on the self-folding angle was
evaluated in order to design an origami compliant mechanism gripper. Results showed that
lower hinge length leads to a decrease of the self-folding angle, quantified by an approximate
50%-drop when the hinge length decreases from 10 mm to 5 mm. Besides, hinge pattern is a
tunable parameter that modifies the bending actuation. Zolfagharian et al. [114] tested three
hinge patterns: honeycomb, zigzag and squared-patterns. Depending on the slicing parameters
(number of layers, layer pattern), the authors made possible to control the bending amplitude
(Figure 36b). This influence relates to the hinge ability of the black printed ink (= actuator) to
absorb IR-light and heat up the underlying PS film which results in a shrinkage mechanism of
macromolecules. Because of the different amount of deposition for each patterns, the shrinkage
step is not the same and modifies the final bending angle (going from 178° for honeycomb,
165° for square to 122° for zig-zag patterns). Number of layers also plays a role in this folding

process since increasing this number leads to a reduction of the bending potential.
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Figure 36: a) Scheme of 4D-printed elastomer/SMP materials relying on hinge area [113] and b) curvature distribution of 4D-
printed chitosan ink/polystyrene actuation filled with various hinge patterns: honeycomb (1), zigzag (2) and square (3) (adapted
from [114]).

Then, more complex structures are imagined to broaden the range of applications of 4D-printed
metamaterials. For example, Wang et al. [115] enlightened the morphing ability of thermically
induced shape-changing bilayers by developing a theorical model allowing to predict the
shape-changing behavior of cCF/PA66 composite by programming its printing trajectory, i.e.
fiber orientation. The error between the model and the real curvature of bilayers did not exceed
6% which testified a highly accurate model. The final purpose is to generate any shape of
deployable surface by controlling the distribution of fibers and especially the angle between

intersecting fibers and the bisector angle of the printed fibers (Figure 37).

by Vod 4

Printing Heat treatment Programmable deformation

Calculated fiber The final

trajectory conical surface

Figure 37: 4D-printing of cCF/PA66 thermo-induced conical prototype exhibiting a specific fiber distribution [115]
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Multiple complex shape-changing patterns driven by matter distribution are presented in the
scientific database such as strip pattern (Figure 38a-b), flat hollow disc (Figure 38c), lattice
(Figure 38d) and star-shaped structure (Figure 38f) or even one inspired from flower’s petals

(Figure 380).

Then, Dong et al. [116] also worked on the design of 4D-printed programmable continuous
Kevlar fiber (cKF)/PLA composites displaying a triangular cellular structure. In lattice
structures, the resistance and rigidity are directly linked to structural parameters related to the
cell dimensions (especially cell length) and the thickness of printed layers. This concept
remains very interesting in the idea of maximizing the exchange surface with the narrowed

environment.
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Figure 38: a-b) Flat strips with divers mesostructured and c) flat hollow disc represent fondamental 4D-printed elements
driven by in-plane and out-of-plane matter distribution. d) Cellular structure, €) star-shaped structure and f) prototype of
flower’s petals represent complex 4D-printed structures made of combination of fundamental elements. These illutrations are
adapted from Ding et al. [117].

I1.2.c. The case of cellular structures
Among the possible 4D-printed mesostructured actuators, lattice structures are represented by
a local distribution of matter and voids that enables lightweight designs to be developed and
mechanical properties to be exacerbated (e.g. honeycomb structure). For this reason, growing
interest is related to the smart behavior of cellular structures to open doors for innovation and

performance.
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Cellular materials are more than just part of our daily lives. One of the most accurate examples
is the washing sponge whose cellular structure promotes water diffusion through it. The result
is an enlargement of the cells, leading to swelling. Another popular example is bread baking.
Among the bread constituents, yeast ensures the swelling of the mixture when increasing the
temperature. The density change relies on a chemical reaction inside the bread that releases
carbon dioxide gas. Because stacked inside the bread structure, CO2 gases generate the inner
porous structure observable when cutting the bread. This mechanism inspired Saint-Jean et al.
[118] in their development of thermal-induced cellular structure made of a silicone elastomeric
matrix in which bubbles of ethanol, i.e. a volatile liquid, are trapped (Figure 39a). Introducing
a restrictive material to this porous network allows for programming the shape-changing

pattern (Figure 39b) to incorporate functions to the structure.

(a)
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—

Figure 39: (a) Swelling process of elastomeric matrix caused by the vapor bubbles dilatation when increasing the temperature.
(b) Pictures of swelling matrix with integrate restrictive lines. The same sample is stored at room temperature (left) and 90°C
(right). Restrictive lines drive the shape-changing pattern. (adapted from [118])
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Lattice structures belong to the family of cellular structures. They have the particularity to
exhibit a repetitive cellular pattern inside the structure called “lattice”. The lattice expansion
can be realized by linking successively several bilayers. Using an unspecified elastomer/shape-
memory polymer (SMP) bilayer, Ding et al. [117] reached a 900% expansion of the lattice
network. Tuning the slicing parameters to modify the cellular pattern (Figure 41a), layer
thickness or cell dimension is precious. This expansion potential is a real inspiration for the

development of prototypes where an increase in surface area is desired.

Although well-known for their good mechanical properties, their shape-changing ability has
not been a priority in the recent exploration of 4D-printed composites. However, some
insightful papers focusing on continuous synthetic fibers are accessible in the literature. Among
them, Dong et al. elucidated a strong link between shape-memory ability and specific strength
of 4D-printed continuous carbon reinforced lattice structures [116]. Either by testing various
cell lengths or layer thicknesses, the specific strength and shape-memory ratio display an
unproportional trend meaning that lattice stiffness must be neglected for maximizing its shape
memory behavior. Besides, the shape recovery takes a longer time and has a lower recovery
ratio when the fiber content increases. According to the authors, it is owing to irreversible

slippage at the fiber/matrix interface during the deformation.

bt 30 mm

Figure 40: Cellular expansion of lattice structure made of elastomer/shape-memory polymer [117].
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Figure 41: a) Several programmable and printable cellular patterns. b) Evolution of the shape memory ratio and specific
strength of continuous carbon fiber reinforced composites as a function of layer thickness. (adapted from [116])

In light of this development, Van Manen et al. [119] explored the different strategies to generate
a sequential folding mechanisms within thermally actuated 3D-printed materials. Reducing the
thickness of restrictive layers and promoting the presence of internal porosities tends to
facilitate the heat transfer and thus to accelerate the shape-changing process. The authors also
gave credit to lattice structures by considering how the shrinkage/expansion of adjacent layers

would maximize their opening.

To sum up, the paradigm of 3D and 4D-printing has been especially carried by the development
of thermomorph materials. However, actuation stimulus is not exclusive to thermal gradient.
Humidity gradient or water sorption/desorption are also interesting options that could widen
the use of 4D-printed materials where plant fibers trigger the actuation. Understanding the link
between 3D-printed path, mesostructured and actuation properties is an essential step to
improve the functionality of Hygromorph Biocomposites. In the following section, a collegial
reflection is dedicated to water-induced reconfigurable biological models on biochemical and

structural approaches.
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ITI. Reconfigurable water-induced biological models

Nowadays, the opportunities brought by self-deploying materials in the design of multi-
structural parts are obvious. Inspired from plant metabolism, smart materials are developed in
a strategy of energy-efficiency and multifunctionality to build more adapted and sustainable
solutions for the future. To do that it is essential to understand the synergy between biochemical
and structural properties of plants and the stimuli impact generated by climatic factors. For this
reason, there is a particular wish to solve problems and develop solutions in a biomimetic

approach.

The biomimicry concept relates to the wish of humans to take example on natural concepts to
improve home-made inventions, replace their actual way of thinking and innovate in a
promoting and eco-friendly approach with a view turned towards the future. The standard 1SO
18458:2015 conceptualizes the biomimetic approach. The biomimetic logic is divided into
several steps going from the definition of the technical problem to the bioinspired improved

product (Figure 42).

Natural species representing concept for humans interest are numerous. Burgert [36] and
Poppinga [120] summarized the wide range of plant movements listed as a source of inspiration
for the development of programmable materials. The main typical physical motions (bending,
folding and buckling) remain the most observable in natural mechanisms. Though well
developed in the recent decade, Hygromorph BioComposites are facing limitations regarding
their actuation performance (Section 1.5). To overcome this lock, there is a particular
motivation to design HBC from biomimetic structures. As the triggering factor, the water
displacement through the structure triggers responsiveness and reactivity. It represents an
essential lever for boosting HBC deployment and must therefore be optimized. In the following

section, the structure of the pinecone, flytrap, waterwheel and Lily plant have been taken as
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models whose smart behavior is based on an inter-functional architecture and synergy with the

flow of water.
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Figure 42: Schematic biomimetic approach (adapted from [121]).

ITI.1. Water transport through plant tissue

Transport and diffusion of water within biological structures have been and remain today a
risky research topic, since nature displays a multitude of complex mechanisms ([122]-[127]).
A particularly interesting phenomenon is the ascent of liquid flow within trees and flowers.
Indeed, the way that water and sap are hoisted to the top of the stem is essential for the survival
of the plant. The role of water in plant movement is also of paramount importance since it
dictates the pressure state within cell walls and thus initiates the plant restructuring. Water can
go through plant structures by three different ways: across porous cell walls, across the semi-
permeable plasma membrane and by following the flow of adjacent cells [128]. These three
points represent the intrinsic options of water displacement inside their structures.

Ascension is a common term when speaking about plant morphology and cohesion of its parts.

The flow of water toward the leaf follows a tortuous path from the multilayers arrangement of
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roots, passing through the tracheids and vessels of the stem, to finally reach the leaf tissue and

supply water to the dehydrated apical buds (Figure 43).

(a) Apical buds (b)

Water-conducting cells

Leaves

Stems

——> phloem flow

=) xylem flow

Figure 43: a) Water and nutrients transport within xylem and phloem conducts of in a soybean plant [129]. b) Zoom on the
water conduction cells of plant stem called tracheary elements.

ITI.2. How water sorption generates motion
Water not only penetrates the structure of plants but also modifies its inherent micro- and
mesostructure. Depending on its water sensitivity and local architecture, plants react in a
different way to water uptake that attributes specific functionalization to the structure.
Transport of water inside plant cells is characterized by two different parameters. At the cell
scale, the first parameter quantifying the timescale of plant movement is the relaxation time of
the cell when water goes through. It depends directly on the intrinsic properties of the cell (cell
radius R, cell bulk modulus & and membrane conductivity Lp). Finally, the smaller the cell, the
faster the water transport. Water may also displace from one cell to another to pass through the
entire plant tissue. For this reason, another representative time must be set: the poroelastic time.
This parameter is triggered by the tissue properties (size L, permeability k and elastic modulus
E) as well as water viscosity #. Finally, this point relates to the cell volume changes. Passing
through plant tissue, interactions are created between water molecules and plant constitutive

entities generating motion of the structure.

78

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



ITI.2.a. Slow hydraulic movements
The slow hydraulic movements within plants are summed up in this section. Growth
symbolizes the main trivial hydraulic movement in plants. It is based on the cellular expansion
over time and the ability of the cell to hold water molecules. These irreversible structural
modifications are limited by the maximal cell extensibility and conductivity. Growing up,
plants increase their exchange surface with environmental factors to receive more supply in
vital resources (water, light, heat). Then, osmotic gradients also play a key role in water-driven
plant opening. Indeed, the specific turgor pressure presents inside each cell leads to a
swelling/shrinking of the cell. This mechanism can be optimized by the tissue and cell wall
properties (cell bulk modulus, elastic modulus). Stomata appears as a recurring example in this
water-driven mechanism which enables the leaf transpiration and gas exchange with the
narrowed environment. The relation between stomata expansion and turgor pressure has been
deeply investigated ([130], [131]). The last motion is induced by hygroscopic movements
inside natural systems (pine cone, seed pods). More details on this hydraulic mechanism are

proposed in Section 111.3.a.ii.

However, physical limits appear in plant movements. The main parameter involved in the
morphing potential and resistant process of plant is the presence of a smoother or stiffer cell
wall which prevents the cell from being overinflated by the turgor pressure and enables
mechanical resilience [132]. To categorize the referring mechanism, the poroelasticity of the
considered biological system is stated. The poroelastic time tp represents the time needed to
equilibrate the pressure between plant cells after the passage of water. It must be minimized to
design water-induced materials with faster response. Looking at Figure 44 illustrating the time
scale t, i.e. duration of the plant movement, as a function of the cell wall dimension L, it is

possible to identify two movements within biological structures. If t > tp, the plant movement
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is slow due to a weak and slow penetration of the liquid. If T < tp, the plant movement is fast
and induced by mechanical instabilities in the structure.
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Figure 44: State of the art of time scale used by plant and fungal species as a function of the smallest macroscopic dimension
of the moving part L. Three categories can be distinguished. The slow hydraulic motions (purple circle) of which ©>tp. The

fast snap-buckling mechanism (green circle) and explosive fracture mechanism (blue circle) of which t<tp rely on elastic
instabilities [132].

80

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



II1.2.b. Mechanical instability
A second strategy allowing plant motion relies on mechanical instability caused by internal
stresses of the biological structure (Figure 44). Some of the fastest shape-changing motions do
not rely on the complete hygroscopic properties of plant components but on the naturally pre-
programmed mechanical instabilities. Here are some examples explaining this biological

morphing ability.

III.2.b.i. The elastic snap-buckling
Snap-buckling opening can be found in carnivorous plants. For example, Venus flytrap uses a
sequenced shape-change based on a first slow motion of its lobes (L = 20 mm) arises from the
variation of turgor pressure causing the swelling of the tissue and modifying the geometrical
shape of the lobe. These geometrical variations generate a rapid release of the stored elastic
energy allowing a fast closure of the lobes and the capture of the prey between 100 and 300 ms
(Figure 45a), known as snap-buckling [133]. Evolution of the elastic energy stored in plant

tissue as a function of the lobe curvature is drawn in Figure 45b.

(b)

High elastic energy

Actual mean curvature

Low elastic energy

A A

 J )
Natural curvature in the
direction of the midrib

Figure 45: (a) Picturing snap-buckling of Venus flytrap [134]. (b) Evolution of elastic energy stored in Venus flytrap tissue
allowing snap-buckling process [135].
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Having the same capture function, the waterwheel plant displays a faster response (20-100 ms)
triggered by a fast localized turgor change near the initially bent midrib which, by releasing the

stored energy, causes a quicker snap-buckling of the lobes (L = [2-4] mm) [136].

1.2.b.ii. The explosive fracture
Water presence might also affect the interfacial stresses between cells. For this reason,
switching between wet and dry environments drives to an increase/reduction of some
hydrophilic cells which, depending on their size and wall rigidity, can present fracture
mechanisms useful for seed release. This is for example the case of the Fern Sporangia also
known as catapult plant (Figure 46a). During dehydration, water molecules are removed from
plant cell walls which induces a shrinkage of the tissue by macromolecular rearrangement.
These structural changes lead to the collapse of the outer cell walls and the release of stored
elastic energy. Seeds are then projected at an initial velocity of 10 m.s [137]. This observation
can be compared to the bursting process of Cornus canadensis during pollination process
(Figure 46b) [138]. Its opening is achieved in 1 ms which is the fastest reported dehiscence
process to the author’s knowledge. Besides, the triggering force of 0.1-0.5 mN prevents the
flower opening by small and less mobile colonizers (ants) and targets bigger colonizers (bees,
wasps, bumblebees) moving rapidly from flower to flower and promoting fructification. The
height of ascent of pollen represents 10 times the height of the flower. This fosters the pollen
spread by wind, water or animals [139]. Another popular vegetal showing explosive fracture is
the Erodium cicutarium belonging to Geraniaceae species ([140], [141]). Well-known for its
self-burying motion [142], this vegetal ejects its seeds over a drying period. Fracture occurs at
the interface between two constrained awns. Nonetheless, fracture mechanism is very critical
to seed dispersal as it correlates with energetic cost. Minimum energetic cost is required to

propel the seed as high as possible while avoiding detrimental premature fracture.
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Figure 46: a) Schematic cavitation catapult of Fern sporangia [143]. b) Propelling mechanism of Cornus canadensis [138]

To sum up, several motions appear in a plant when subjected to water sorption. While natural systems
display a hydraulic slow water-induced motion such as pine cone scale or waterwheel plant, other
biological models execute fast motion, e.g. Venus flytrap or Fern sporangia for feeding or dissemination

purposes.

ITI.3. Example of biological hydraulic actuators
ITI.3.a. Reconfigurable biological models
II1.3.a.i. Case of pine cone scale

e Description of the mesostructure

Among biological models able to reconfigure their arrangement with moisture gradient, pine
cone scale represents one of the most widespread. The complex and unique morphology of
cone scales has been widely explored over decades and remains truly inspirational for scientific
advances ([144]-[147]).

Different intrinsic and structural parameters have been estimated to understand the thorough
mechanism of the reversible folding achieved by cones for its survival. To date, the relation

between opening process of pine cone and relative humidity of narrowed environment is a
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scientific fact (Figure 47a). The scale of a pine cone is divided into two parts: the bract and the
scale (Figure 47b and Figure 48a-c). Bract and scale both exhibit specific amplitudes of
curvature which tend to increase when going toward the cone base [144]. This difference may
be explained by the thickness gradient along the scale (Figure 48b). This structural organization
impacts the tissue swelling after sorption with a change of 34% for bract thickness and 1.7%

for scale thickness of the tested Pinus Rigida.

Opening of pine cone
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Figure 47: a) Opening mechanism of pine cone at 35°C and 30%-40% RH [148] b) Curving behavior of pine cone scale. c)
Middle section of pine cone scale as a function of the location on the cone axis [70]. d) Inner structure of the scale exhibiting
schlerenchyma fibers along the length [148]. e) Section of pine cone scale highlighting the presence of resin ducts that
intervene in the water transport mechanism.
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Sectional slicing of pine cone allows for observing the thorough mesostructure of its scale.
Dawson et al. [145] identified several features hidden behind shape-changing ability of the pine
cone when facing various humid environments. Actuation occurs thanks to the bilayer
configuration of the scale of which inner surface is made of sclerenchyma fibers (Figure 47d)
and outer surface of sclereids (i.e. smaller and thicker version of sclerenchyma, more lignified).
These two layers do not exhibit either significant variations in biocomposition (cellulose =20%,
rest is lignin, hemicellulose and pectin) and water uptake under humid conditions. However,
mechanical properties are heavily distinguishable (Efieer = 4.53 £ 0.90 Gpa, Esclereid = 0.86
+ 0.05 GPa) as well as hygroscopic coefficient (Bfiber = 0.06 + 0.02 , Bsclereid = 0.20 = 0.04).
Consequently, sclereid (MFA = 74°) plays the role of active layer while sclerenchyma fibers

(MFA = 30°) act as constraining layer.

The hydro actuation is correlated to the ability of the material to absorb water. The most
relevant way nature has found to control the water ingress inside plants relies on the presence
of tubular channels which act as water diffusion tunnels to impregnate the different parts. The
void distribution is induced by tracheary elements and resin ducts heterogeneously spread
within the scale (Figure 47e). In a general manner, voids represent functionalized tools in
nature unlike in composites where it is more considered as defects causing the loss of
mechanical properties ([149], [150]). Recently, the simplified bilayer configuration of pine
cone scale was questioned. A gradient of voids exists inside the sclereid layer. In addition,
thickness ratio (tp/ta Or tscierenchyma/tsclereid) 1S NOt constant over the scale’s length (Figure 48a-b)
and width (Figure 48c-d) thus modifying the geometrical response over moisture change.
Therefore, design tools, e.g. 4D-printing, have an important role to play in architecting complex

bioinspired prototypes.
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Figure 48: Structural features of pine cone scale. (a) Scale opening relying on a trilayer-configuration and (b) Evolution of

pore diameter inside porous sclereid as distance with schlerenchyma layer increases [151]. Thickness ratio between sclereid
(passive) layer and schlerenchyma (active) layer (c-d) in the scale length [152] and (e-f) in the scale section [146].
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e Specific motion and sequentiality

Originally based on single curvature interpretation of pine cone scale motion during moisture
change ([62], [145]), recent works on pine cone scale have evidenced a more complex motion
([153], [154]). Indeed, cones are natural prototypes able to exhibit a multiple curvature of their
scales to maximize either the seed protection or dispersal. Following a multi-phase curvature
occurring at different time scale (Figure 49). A bifurcation of curvature occurs around 30% of
relative humidity where the longitudinal curvature, i.e. Kx, overcomes the transverse one, i.e.
Ky ([153]). As well as speeding up response, this actuation scenario makes the scale more

compact and reduces its geometric rigidity to improve longitudinal actuation.
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Figure 49: Evolution of longitudinal (Kx) and transverse (Ky) curvatures as a function of relative humidity. The intersection
ending stage 2 represents the bifurcation point [153]. The bistability represents the two stable shape states that a material can
reach due to an external action, the transition between those states is highlighted through the bifurcation between the
longitudinal deformation Kx and the transversal deformation Ky and the profile of the main curvatures.
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IT1.3.b. Towards 4D-printed Hygromorph biomimetic prototypes

Inspired from the bending behavior of pine cone scales, Reyssat et al. [62] were the first to
convert this empowering natural mechanism to the design of artificial hygromorph. They
evaluated the kinetic of sorption of a cellulosic paper/polymer composites where only one
extremity was in contact with water. Based on Washburn’s law, they observed a power law

between the position of water front (migration over the material) and immersion time.

Recently, some articles have targeted the potential of 4D-printed HBC to reproduce biological
motion. For instance, using 4D-printing for designing pine cone scale is powerful since the in-
plane architectural entities totally change along its length and width. Both thickness and aspect
ratio evolve to allow a precise and efficient opening/closing transition of the scale upon
moisture gradient. This detailed architecture is hardly practicable for conventional

manufacturing processes which do not give a local control of matter distribution.

Inspired from Bhutan pine, Correa et al. [154] explored the double-curvature mechanism
during the shape-changing of the scale whose transversal and longitudinal curvature were
alternately predominant at a specific humidity range. For this reason, they attempted to design
artificial prototype made of wood-polymer composite (active layer) and acrylonitrile butadiene
styrene (passive layer) by performing water gradient cycle on 4D-printed bilayers. 4DP scales
exhibit a two-step water-induced actuation - starting with first transversal curvature followed

by longitudinal curvature (Figure 50).

II1.3.b.i. Multiple actuation

This behavior successfully matches with bistable shape-changing pattern of Bhutan scales.
However, the process repeatability of 4DP prototypes did not reach the exceptional
sustainability of the natural pine cone scale able to overcome 50 successive full motion

sequences. Delamination of the artificial scale was noted after 13 full motion sequences in
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complete immersion. Finally, printed structural set-up slightly affects the shape-changing
behavior of 4DP samples to reproduce such complex biomimetic actuation (Figure 50a) where
elasticity gradients governs the double curvature self-shaping [155]. More examples drawing
on a shape/deformation relation are available. For example, self-shaping curved folding
mechanism reproduces origami-like structures by distributing the actuation throughout the
bending surfaces (Figure 50b) [156]. On another strategy, Vazquez et al. [157] took benefit
from the elementary bending potential of wood-based bilayers to exacerbate their

responsiveness to Kirigami geometries (Figure 50c).
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Figure 50: a1) Set model and az) 4D-printed specimens of HBC with single curvature. as) Set models and as) 4D-printed
specimens of HBC with double curvature due to specific in-plane stress distribution [154]. b1) Computational design of 4D-
printed wood-based prototypes with multiple actuation. b2) Same 4D-printed prototype under 200g load. bs) Actuation of
curved-folded structures upon drying stage. [156]. c1) Kirigami curvatures, c2) Kirigami multi material and c3) Concentric
Kirigami Geometries made of wood fiber composite [158].

Recent review papers on designing 4D-printed HBC have appeared ([87], [159]). The two main
fields of application of HBC are biomedical and engineering structures. In biomedical,
innovative structures are being developed for drug delivery [160] or bone recovery [161].
Shape-changing abilities of HBC depend on multiple factors related to both mesostructural

design and external conditions. Natural fibers and polymers matrix exhibit a difference in
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sensitivity to water uptake or thermal gradient. However, in real situations, it is difficult to

uncouple these two stimuli.

II1.3.b.ii. Sequential morphing

Sequential response is a proof of architectural control and tunable reconfiguration. Its aims to
program the kinetic of response of reconfigurable entities to attribute an optimized final shape.
One of the examples widely targeted by 4D-printing is the opening of flower’s petals such as
Lily flower [120]. Methods for encoding temporal shape evolution inside architected shells
have recently been published [162]. Spatio-temporal information can be embedded in the
geometry of architectural shells that morph from flat to smooth 3D shapes (Figure 51). The
presented shells exhibit a trilayered configuration with two recovering 3D-printed polymer
layers a pre-stretched elastic membrane. Polymers included inside outer layers are actuated
over T =56°C. At room temperature, the structure remains flat and the middle layer stores the
energy necessary to drive the deformation. Having the same biochemical composition but with
a different mesostructure gives a different morphing pattern that can be optimized to avoid

collisions of petals as imaged in Figure 51a and Figure 51d.

Other thermomorph bilayers have unveiled new concepts of temporal morphing. Stoychev et
al. [163] developed PMMA/thermoresponsive hydrogel six-ray star-like bilayers of which
edge-activation allows for tuning the order of folding. After what, they upscaled this strategy

to the formation of smart thermomorph pyramids.
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Figure 51: Sequential response of divers shell architectures. (a) Homogenous recovery of petals by slowing down the reactivity
of one specific side. (b) Spiral-like configuration reached by maximizing the reactivity of one side of the beam. (c) Saddle-
like configuration induced by a hexagonal shape. (d) Complex interweaving architecture optimized by distribution of reactivity
from the center to the edges. Scale bars =3 cm [162].

Regarding HBC structures, interesting first trends are today claimed in scientific literature. The
sequential deployment of hygromorph biocomposites was explored by Tahouni et al. [164].
They displayed three strategies to control the timescale motion based on the following
parameters: active layer thickness (ta), localized mesostructural cavities within functional
layers and the addition of blocking layer regulating the water sorption/desorption within the
structure. From the bilayer scale, actuation speed and amplitude can be programmed by the
active layer thickness. Being directly linked to the surface-to-volume ratio, an increase in
composite thickness leads to a reduction of the actuation rate. Multi-element and single-
element composite structures have been successfully engineered as a prototype of natural
concepts such as the silver thistle (Figure 52a). By configuring the active layer number Na
(related to the active layer thickness ta) and the interfilament distance of the passive layer (1Dp),

sequential motion in multiple stages were proposed (Figure 52b).
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Figure 52: (a) Wetting-induced closing mechanism of silver thistle. (b) Wetting-induced opening mechanism of 3D-printed
biocomposite bilayers [164].
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II1.3.b.jii. Towards more complex deployable structures based on

Hygromorph
Today, optimization devices and methodological tools exist to formulate and design HBC
prototypes catering targeted functions [159]. The threshold between mechanical stability and
morphing ability inside 4D-printed materials remains subtle. Developing smart structures
without sufficient mechanical performances would not be relevant for most applications. For
this reason, the relation between resistance and actuation of shape-changing metamaterials

must be known.

Following this strategy, 4D-printed hydrogels or SMP with variable stiffness / thickness ratio
have been successfully designed ([165], [166]). Ren et al. [165] managed to reproduce complex
shape-changing motions of which the actuation relies on a moisture and thermal gradient. The
printed bilayer was fabricated from the overlaying of Shape-Memory Polymer polyVinyl
Chloride (SMPVC) on water-swellable PolyUrethane (PU) layer. Modifying the thickness of

PU-active layer affects the radius curvature of bilayers (Figure 53a).
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Figure 53: Impact of thickness ratio on 4D-printed (a) water/thermo sensitive PU/SMPVC bilayers [165] and (b-c) water
sensitive hydrogel/elastomer bilayers [166]
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Bastola et al. [167] found inspiration in the Seleniceus setaceus, a cactus able to adapt its stem
to climb walls and cliffs. One of its assets remains in the adaptation of its morphology along
time which directly affects its properties (especially the flexural rigidity). The old part of the
stem shows a circle-like cross-section the less mature stem exhibits a triangular cross-section
and the youngest part’s one looks like a star. They managed to 3D-print water-induced shape-
changing materials which mimic the morphing mechanism of the cactus stem from the old stem

to the youngest one by targeting the swelling and deswelling process of hydrogels (Figure 54).
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Figure 54: a) Bending behavior of Seleniceus setaceus exhibiting a variable stiffness stem and b) 4D-printed inspired
prototypes [167].

As a consequence, composites with variable stiffness have been developed in a biomimetic

([168], [169]) and mechanical approaches [170]. Regarding HBC, Cheng et al. [155] succeeded
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in 4D-printing a multifunctional orthotropic splint made of an active wood-polymer layer and
a passive copolyester layer. Besides promoting the structure warping around the forearm, the
variable stiffness of the splint might also maintain an adequate pressure on the desired wound
areas exclusively (Figure 55). This complex reshaping results from a thorough relation between

design concepts and additive manufacturing [159].

MULTIFUNCTIONAL MATERIAI
DESIGN FRAMEWORK 4D-PRINTED MESOSTRUCTURE SYSTEM

Shape-changing areas

varyving properties

embedded functions

Figure 55: 4D-printed wood/copolyester splint with functionalized areas (adapted from [155]).

Then, based on the fitting of their rigorous analytical model and experimental data, Van Manen
et al. [171] aimed to predict the shape-changing properties (curvature and stiffness of lattices)
by programming the inner structure of the material (stiffness ratio, thickness ratio, aspect ratio).
The control of morphing potential based on these structural features is provided in Figure 56.

This work opens the door to incremental progress in redefining the scope of HBC.
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Figure 56: Numerical simulation of shape-changing material with complex distribution of active/passive layers [171].

95

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



III1.3.b.jii. Deployable lattice structures

The design of shape-shifting structured lattices has known a high development in recent years
for several printed materials (elastomeric ink [172], shape-memory polymer [165],
photopolymer resin [173], biocomposites [155], [156]).

Extrapolating the curving behavior of elemental bilayers, scaffold structures may generate
cellular expansion. Two successive bilayers bound at the edges (hinge area) may form an active
cell (Figure 57). However, the amplitude of actuation given by simple bilayers remain higher
than cellular pattern because of geometric constraints that are induced by the rigidity and

resistance of the hinge area [174].

Active (spruce)
K——_‘ : ) > : )

Passive (paper)

Figure 57: Cell formation by overlaying two bilayers [174]

Besides, the opening of the lattice network such as honeycomb or Gridshell structure have been
achieved ([157], [174], [175]). In parallel, Wang et al. [176] designed a biotic bilayer actuator
made of a biological block copolymer (SELP) and cellulose nanofiber (CNF). The stimuli-
responsive behavior of this system was induced by the swelling of the SELP hydrogel matrix.
Changes in temperature or due to the ionic strength of the environment leads to structural
modifications of the matrix which alter the water ingress and transport inside the copolymer
and affect its deployment process. This kind of actuators remains a source of hope for the

biomedical sector ([177], [178]).

Cellular shapes are a triggering point of lattice expansion as highlighted by Figure 58 ([173],
[179]). Disclosed by Figure 58, the set anisotropic thickness and elasticity of bilayers drives

the direction of expansion via functional patterns (pattern height, resolution, grid distribution,
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amplitude and frequency). Although working on thermomorph, Keshavarzan et al. [173]
evaluated the shape recovery and shape memory effect of two specific cellular lattice
structures: Rhombic and Body-Centered Cubic structures. Made by vat polymerization 4D-
printing of a photopolymer resin, their compressive responses related to a temperature gradient
were measured. Overcoming a quasi-static loading-unloading cycle at 20°C, Rhombic
structures propose a wider range of mechanical properties, i.e. reaching a Young modulus of
26 MPa, and a higher specific absorbed energy of 7.3 102 J.kg*, compared with BCC structures
(E = 5 MPa, specific absorbed energy = 0.2 10 J.kg™?). They found out that the processing
temperature as well as the structural matter arrangement impacts the energy absorbed and
released by the material over different loading/unloading cycles which finally dictate the shape
memory effect of a printed material. This can directly be correlated with Ashby’s consensus
on mechanical properties of cellular structures whose performances are affected by the cell

shape [180].

To complement this state of the art, Li et al. [181] described a new epoxy thermoset polymer
which could be used for Multifunctionnal Lightweight Architectures. Their work was devoted
to the mechanical and shape memory effect of microlattice networks. Analyzing different
lattice shape and length, they showed that the cubic shape presents the best mechanical
performances (compressive strength and strain-energy storage) than Kevin and octet unit cells.
Cubic microlattices exhibit interesting properties regarding the shape memory effect. Their
strain recovery achieved 83 % at 100 °C and their recovery stress was around 3.4 MPa meaning
that they can exert a significant force during their recovery process. However, the most
interesting architecture for SME is the cylindrical geometry since it recovers 97 % of its initial
shape after a loading/unloading cycle. Finally, they explained that the strength is regulated by
the intrinsic properties of the used matrix and the specific architecture given to the 3D-printed

material.
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Figure 58: Functional patterns used to designed shape-shifting lattice patterns. b) Directed cellular expansion by tuned 3D-
printed pattern [179].

Besides, Gridshell structure presents architectural assets for load-bearing applications ([182],
[183]). The crossing double-curvature shell in a grid shape is very trendy to fabricate
lightweight architectures with significant mechanical stiffness and strength. Innovation led
scientists to imagine environmentally responsible Gridshell structures. 3D-printing and slicing
parameters (Total Layer Count, Layer Height and Thickness ratio) allows for the shape-shifting
of functionalized Gridshell structure. With an optimized tool-paths, active hinges and non-
active surfaces, it is possible to recreate structures with sequential reproducible bending/folding
[157].
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IV. Potential asset for marine restoration and artificial reefs

The depletion of biotic resources along coastal zones and in the Oceans, which is a very
worrying problem since several decades, continues to alarm society and arises the interest of
the scientific community. Highly impacted by overfishing, acidification of the ocean, climate
warming and anthropogenic pollution, marine species live today in dramatic conditions which
could lead to a massive extinction of the sea wildlife in the coming centuries. According to the
GIEC report on the Ocean and Cryosphere [184], the marine biomass is predicted to decrease
of 15.0 £ 5.9 % at the end of this century. This forecasted drop is the consequence of global
warming affecting directly marine ecosystems, i.e. especially coral reefs that are essential for
the marine life cycle. This reduction will affect both the marine food chain and the human

society since the number of fishing catches is estimated to drop between 20.5 and 24.1%.

For this reason, scientists have imagined different solutions to fix this problem. Bostrom-
Einarsson et al. [185] recently listed a set of investigations carried out the restoration of the
coral reef. They elaborated a state of the art of the methods and techniques which have been
used over the four last decades to rehabilitate the ocean floor (micro-fragmentation, direct

transplantation, larval enhancement, artificial reefs).

Artificial reefs are human deployed structures immersed in water to promote the resettlement
and restoration of damaged marine ecosystems. Firstly immersed in Japan 300 years ago [186],
many coastal countries have decided to accentuate their investigations on this deployed
structure for environmental, fishing and touristic purposes. Strategical thinking has arisen from
the conception of artificial habitats to optimize their implantation in seawater all around the
World (Table 3). From 1960, the number of publications related to the development of artificial
reefs has known an exponential growth, testifying the global interest on this ecological lever

(Figure 59) [187].
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Table 3: Number of articles published by the main countries with studies on artificial reefs. The category "other" regroups
investigations on socio-economical, behavior, management and mitigation, oceanography and environmental impacts (adapted

from [187]).

| Countries Ecology Engineering Review Other TOTAL
United States 95 3 16 41 155
China 21 23 1 19 60
Australia 27 2 10 12 51
Brazil 40 1 3 4 48
Italy 24 3 4 7 38
UK 12 1 8 16 37
Japan 13 7 2 10 32
France 12 2 4 12 30
Portugal 11 5 2 10 28
Spain 7 2 4 8 21
Israel 8 0 1 9 18
South Korea 1 7 1 4 13
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Figure 59: Number of publications tackling the development of artificial reefs (black dots) from 1962 to 2018 in line with the
evolution of publication on general ecology (white dots) [187].

Artificial reefs are immersed to supply a substrate for organisms adhesion and biofilm growth.
Biofilm formation on an immerged surface can be defined in four steps. At the beginning,
organic molecules interact with the substrate where physical bonds are created. As soon as this
thin layer named conditioning film has formed, marine organisms such as bacteria and diatoms
can interact and hang to the substrate. Then, bacterial metabolism generates an accumulation
of microorganisms working together to create a bacterial community called biofilm ([188],
[189]). The microbial and biochemical composition of biofilm dictate the diversity and

distribution of colonizers. Indeed, as it depends on the microbial community, biofilm can
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promote or inhibit the adhesion of bigger marine organisms [190]. Among them, marine
bacteria are known to be the first colonizers considering their massive presence in seawater
going from 10° to 10° cells/mL [191]. Then, bigger organisms, e.g. diatoms or microalgae, are
attracted by the nutrient release of the bacterial community. Finally, communities of
macrofoulers (e.g. barnacles, invertebrates) develop at the surface to finalize the growing

process of marine biofouling (Figure 60).

Conditioning film Bacterial Diatoms, larva Macroalgae and
(Protein, Polysaccharide) biofilm microalgae spores invertebrates

Seconds to Minutes Minutes to Hours Hours to Days Days to Months

Figure 60: Biofouling mechanism of marine micro- and macroorganisms on a material surface (taken from [192]).

IV.1. Material selection
A first essential reflection point concerns the biochemical composition of the structure. Two
subparts are developed for optimizing the function and efficiency of an artificial reef. At first,
the selection of the material to positively interact with marine organisms is tackled. Then, the
question of seawater ageing of the material is raised to angle the development towards
innovative artificial reef with controlled lifetime. Indeed, the biodegradable aspect of artificial
reef has already shown a positive impact on marine restoration as it complexifies the food web

and increase the accessed trophic level [193].

IV.1.a. A promotor of marine biofouling
No need to explain that artificial reefs must be biocompatible with marine organisms. A

particular issue was related to the belief that a material favorable to colonization was sufficient
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to be considered as an artificial reef. Studying the resettlement of marine species on the reef
means studying the interactions between marine flora and the support as well as the end-life
process of the material. Fact which is today reviewed since the introduction of materials in
some areas has led to a successful reimplement of marine life on initially deserted area but of
which the degradation process released toxic and harmful chemicals for the colonizing species
and more generally for the marine life cycle. This is especially the case of tires [194] which
have been used over several decades as a helpful support in the recolonization process (Figure
61) and are now being removed from the Oceans. More interested by the recruiting potential
and life restoration of tire reefs, their environmental impact was rarely handled. Reflection
process did not connect with life cycle analysis of the material and toxic agents have been
disseminated in seawater. For instance, tires release metallic trace elements - e.g. zinc, copper,
lead and cadmium - that were present in several colonizing organisms (hydrozoans, bryozoans
and ascidians). While not affecting the restoration of an ecosystem in the early stages, these

toxic atoms will impact the sustainability of the reef in a negative way [195].

Making a similar assumption, wrecks have, for a long time, been considered as suitable surfaces
for benthic organisms. However, these living organisms do not grow similarly on artificial reefs
by comparison with natural reefs (Figure 62). Walker et Schlacher [196] underscored the
fouling variations in coverage rate and species richness between artificial reefs and natural
reefs. After 3 years of immersion, only 25 species recovered the wreck surface against 48 on
natural reefs. To enhance the biodiversity on the wreck, a longer immersion time is
recommended. Besides, sessile species such as hard corals needs time to mostly colonize the
reef, e.g. around 8 years, while mobile species like fishes are twice as many after only 2.5 years

[197].
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Figure 62: (a) Quantitative and (b) qualitative assessment of marine biofouling on artificial reefs (wreck) and natural reefs
[196].

For decades, concrete block has asserted its position as the most adapted material for designing
artificial reefs thanks to its toughness, surface roughness, affordability and processibility
([198], [199]). Though resistant to waves as exhibited by the Atlantic Wall vestiges, concrete
ends up into irremediable fragments and/or sediment landfills where metals and additives
products are released over structural degradation [195]. Unfortunately, concrete blocks are non-
biodegradable materials that do not disappear after their immersion in seawater. Since artificial
reefs may induce ecological degradation, their installation must be included in the principle of
“zero irreversibility”, arguing that any anthropic action on the planet must be reversible [200].
Moreover, overcoming successive colonizing stages over the years, the efficiency of the

artificial habitat is abated. Renewing the immerged structure is essential to maintain significant
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interactions with marine organisms and reenergize reef restoration. This long-term inefficiency
of immerged reefs has been leading scientists to reconsider their strategies. Since the use of
permanent reef does not bring general agreements, our thoughts are given to the use of biobased

and/or biodegradable artificial reefs with a controlled lifetime as adaptative solutions [193].

In 2019, a state of the art of tested materials for artificial reef creation was published [187].
Figure 63 displays materials widely tested for optimizing biochemical composition of artificial
reefs. Besides wrecks and tires, marine biofouling of concrete blocks, oil platforms or
conventional polymers such as PolyVinyl Chloride (PVC) were also evaluated. Resulting from
human excess and carelessness, plastics has been accumulating in oceans and dramatically
deteriorating the survival of marine species ([201]-[203]). Their use as component of artificial
reefs seems totally unsuitable, and even counterproductive. However, toxicity of plastics has
not shown an unanimous effect on marine organisms. For example, the toxicity of plastics
leachates on harpacticoid copepod Nitocra spinipes has been investigated [204]. Above the 21
tested plastics, only 8 exhibited significant toxicological effect. Though depending on weather
conditions, UV-lights, temperature, pH and surrounding stimuli, the degradation of plastics
depends upon macromolecular arrangement. The release of plastic leachates takes a longer time
with crystalline polymers. Besides, the rigidity of plastics also seems linked to its ecotoxicity

since softer plastics were statistically more dangerous than rigid ones (6 vs 2).

Nowadays, a societal wish to employ greener materials that will only positively interact with
marine species is proclaimed. Among them, biomaterials from natural feedstock are seen as
promising alternative for the future of artificial reefs [205]. For example, a particular attention
was drawn to biopolymer matrices (defined in Section 1.1.b.) as their biobased origin and
biodegradability by terrestrial microorganisms seemed adapted for environmental applications.
Indeed, using bioplastics instead of petroleum-based plastics gives two main advantages : 1) a

greener production process and/or 2) a full biodegradability under specific conditions [206].
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However, they do not represent an unanimous solution to replace environmentally-destructive
petroleum-based plastics yet. One of the biggest challenges consists in creating a bioplastic
100%-biodegradable in seawater and of which the degradation products, i.e. intermediary
oligomers and final minerals, would be assimilated by marine microorganisms. Even if
research papers treating this topic aren’t numerous, the impact of plastics depends on the
considered biological specie. For example, PLA-bioplastics have an ecological effect
comparable to conventional plastics on certain marine organisms [207] whereas it remains
innocuous for other species [208]. The use of bioplastics must not be dropped since only few
bioplastics have been aged into seawater to evaluate their ecotoxicity. Indeed, the range of
existing bioplastics will still be increasing in the following years and other alternatives to

current bioplastics (PBAT, PBS, PHA, starch blends, PCL) should be discovered.

Moreover, a reminder is required on the specificities of suitable substrates for marine
biofouling. Coral recruitment does not only rely on the density and volume of colonizing
organisms but also on their diversity. The durability, biochemical composition and structural
complexity of substratum (roughness, microgroove) promote the biofouling activity. Initial
benthic communities drastically influence the coral recruitment. For example, while crustose
coralline algae is a promotor of marine biofouling, bryozoans, macroalgae, sponges have an
inhibitor impact. Leonard et al. [209] quantified the coverage rate and species richness of
several materials (PVC, PLA, concrete, fiberglass, ceramic foam). As presented by Figure 64,
biofouling potential and species richness are significantly modified by the chosen material and
prove its importance in the selection of benthic community to restore a sustainable ecosystem

(Figure 64b).
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Figure 63: Tested materials as use for artificial reefs all around the globe in 2019 [187]. FAD means fish aggregates devices.
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Figure 64: (a) Biofouling potential of various materials. (b) Principal component analysis plot informing about the singular
benthic community among the tested materials [209]. The analyzed benthic communities represent Bare substrate (BS),
Bryozoans (BRY), dead and alive Crustose coralline algae (DCCA and LCCA), Encrusting red algae (ERA), Foraminiferans
(FOR), Lobophora (LOB), Turf algae (TF), Sponge (SP) and other species (OT).

There is still a considerable gap of knowledge on the material selection to design functionalized
artificial reefs. The use of natural biocomposites is more and more pronounced in marine
engineering for leisure boat essentially [210]. It shows consistent mechanical properties and

good stability to vibrations, nevertheless its composition might be optimized for resettlement
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purposes. Degradation of natural fibers (e.g. flax fibers) release polysaccharides chains [211]

of which the impact on microcellular adhesion has not been explored yet.

IV.1.b. Seawater ageing and controlled lifetime of biocomposites
Concrete represents a sustainable and resistant material when immersed in seawater [212].
Comparing to this stiff material, bioplastics are lightweight alternatives of which seawater
ageing highly depend on their physico-chemical properties. For example, aliphatic polymers
display a variable degradation in seawater that is mainly affected by the environmental
conditions (salinity, temperature and living organisms). In Japanese seas, PBAT and PBS
matrix exhibited a 7-8% weight loss after 6 weeks of immersion while PBSA and PCL reached
a degradation of 80% (Figure 65) [213]. Distilled water and seawater ageing of PLA has been
investigated in Lorient harbor (France) by Deroiné et al. [214]. A main impact brought by
ageing environment is provided by the presence of mineral salts which makes the water
diffusion through polymer chains more complicated. It is specified that PLA does not exhibit
significant changes structurally or biochemically until 6 months. This trend is confirmed by
Wang et al. [215] which assessed the weight loss of PLA, PBS and PBAT in seawater. None

of these bioplastics displayed a weight loss higher than 10% after 6-month immersion time.
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Figure 65: (a) Biodegradation in seawater of aliphatic polymers (PBSA, PBAT, PBS and PCL) in Osaka port and Misaki
town for a 6-week immersion. (b) Films of PBAT and PBSA after 6-week of immersion in the sea at Osaka port [213].

In marine applications, the lifetime of a biocomposite is reached when the mechanical

properties decrease from 80% of their initial values [216]. The reduction of mechanical
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performances of these materials after water uptake is based on different factors. Firstly, water
uptake brings chain scissions of the PLLA matrix (representing the hydrolysis mechanism) that
affects the mechanical behavior of the biocomposite. Secondly, the higher anisotropic swelling
of flax fibers compared to PLLA-matrix creates stress at the fiber/matrix interface. Moreover,
water going through flax cell walls reacts with hydrophilic groups of hemicellulose and pectin
chains lowering the stress transfer ability of the structure. During fiber leaching, internal
compounds are extracted by water flow such as uronic acid and sugar (Figure 66). The loss of
functional polysaccharides from the pectin region such as uronic acid is showed to highly
impact the fiber stiffness since it is in charge of stress transfer between microfibrils [211].
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Figure 66: (a) Evolution of sugar released of flax fibers as a function of immersion time [211]. (b) Schematic view of S2 cell-
wall of flax fiber [217].

Although more or less resilient to water uptake and marine colonization depending on their
formulation, the degradation in seawater of bioplastics and biocomposites is much faster and
important than the degradation of concrete blocks. Therefore, in the development of artificial

reef, the formulation represents a lever to control the material lifetime.

IV.2. Choice of the architecture
A second strategy to maximize this marine restoration consists in optimizing the structure of
the reef. There are crucial elements to consider before starting the design phase. First, an

artificial reef must present a sufficient exchange surface to allow the interactions and adhesion
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of species. Then, it must include narrow and non-exposed places to allow the survival of
vulnerable macro-organisms. For these reasons, different structures were and are being
investigated in scientific research to understand the key of creating the optimal artificial reef.

In Europe, the Nazare artificial reef off the western cast of Portugal represents a successful
example of hollow concrete blocks. Five years after its deployment in 2010, the fish community
and diversity had significantly grown thanks to the presence of refuges acting as protection and
overgrowth areas. These biological indicators gave positive perspectives for scientists [218].
Suzuki et al. [219] made researches on the enhancement of the settlement and survival of
juvenile corals on artificial reefs based on Gridshell structures. Their results tend to explain
that the architectural optimization (i.e. plate arrangement and mesh size) as well as the material
selection significantly influence the survival rate of Acropora species. Indeed, they succeeded
in obtaining a survival rate of 14 % after 6 months of immersion with a mesh size of 2.5 cm.
Besides, they investigated the impact of the structure on the settlement and survival process of
the marine organisms. Designing a grid structure with narrow and deep cells combined with a
plate overlap to limit the light intensity degree was definitely helpful for long-scale restoration

of juvenile corals.

Instead of studying the impact of the structure, Ruhl et al. [220] focused their attention on the
difference between artificially and naturally conceived reefs and the influence on the
colonization trend and rate. Besides, depending on the printed architectures (inspired from
marine plants) and used materials, they gave answers about the influence of 3D-printed coral
reefs on the viability and sustainability of colonizing marine species. Based on the behavior of
coral associated blue-green chromis, i.e. Chromis viridis, they showed that the fish did not
select a specific habitat during the 15-minutes test. This results proves that 3D-printed corals
can compete with natural models in terms of architecture and attraction of marine species. The

scientific community has raised concerns about the deployment of artificial reefs. Although
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their implantation does not represent the most common method to repopulate damaged marine
areas, their presence exhibits a satisfying 66% survival of transplanted corals according to
almost 80 sources [185] (research papers, reports, online records, online survey) and represents

a source of hope in this fight against the coral extinction.

For this reason, the control of the architecture enabled by 3D-printing represents a big asset to
reef design as illustrated by Figure 67 and Figure 68. Architectural features such as void
content and structure, inner crevasses or surface roughness are important to recreate a balancer
ecosystem ([221], [222]). Then, 3D-printing is also a very used tool in the world of
oceanography for diverse applications such as tracking, biomechanics, locomotion,
hydrodynamics [223]. The opportunity given by 3D-printed concrete blocks to redesign and
optimize the structure of artificial reefs while adding natural components (geopolymer, glass
sand, seashell) to the formulation is drawing a growing interest [198]. A statistical survey based
on a Multi-Criteria Decision Making Assessment can be conducted to select the best candidate
for reef design. This strategy relies on 4 selective criteria: cost, printability, life cycle

assessment and bioreceptivity [221].

Figure 67: Immersion of an artificial reef at Santander Bay [221]
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Finally, Figure 68 lists these three features within bioinspired 3D-printed reefs [222].
According to Leonard et al [209], 3D-printed samples exhibited a satisfying covering rate and
colonizing species. Local organisms use to colonize specific areas which have a high
roughness/microgrooves to hide from external factors and predators. However, being able to
control reef lifetime is an important asset that is not favorable for heavy materials like concrete.
Using biobased and biocompatible Hydromorph Biocomposites may open the door towards the
fabrication of compliant deployable artificial reef with controlled lifetime to widen the

scope of applications (from environmental to halieutic purposes).

Structure Voids

Figure 68: Architectural features made of 3D-printed ceramic elements to promote marine biofouling [222]
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I. Introduction

Chapter 2 is devoted to the introduction of investigated materials and characterization methods
involved in this PhD project. Two distinct investigations have been conducted over these three
years period. Firstly, a study period was devoted to improving the HBC’s potential. By
evaluating the role of formulation (Chapter 3 and 5) and design (Chapter 4 and 6), 3D and
4D-printing of biocomposites was tackled and different techniques of characterization were

required covering microstructural, hydro/hygroscopic and hydro/hygromechanical aspects.

Then this was followed by a shorter but equally important section on the biofouling potential
of biocomposite substrates to revitalize marine ecosystems (Chapter 7). For this investigation,
only the formulation of the substrate was considered, not its architecture. This led to the use of
different characteristics, e.g. including physico-chemical properties and biofouling amplitude,

and manufacturing techniques of the tested prototypes.

To sum up, in this chapter presenting the “Materials and Methods™ section, both parts are
successively described as “Material and Design” (Chapter 3, 4, 5 and 6) and “Biological”

surveys (Chapter 7).
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II. “"Material and Design” survey
This section is dedicated to the carried out investigations tackling the relation between
formulation, architecture, 3D-printing and shape-changing performances of 4D-printed
biocomposites.

IT.1. Materials

I1.1.a. Flax fiber
Continuous flax fiber yarns were provided by Safilin (Sailly-sur-la-lys, France). The selected

yarn was twisted (320 tpm) with a linear weight of 68 TEX (g/km). These yarns were used to
produce the continuous flax-fiber reinforced filament of which surrounding matrix could be
modified along the co-extrusion process (described in Section 1.2.a).
I1.1.a. Biopolymer matrices

Four biopolymers were tested in this survey. Polylactic acid (PLA) Ingeo™ Biopolymer 3001D
was supplied by Natureworks LLC. Then, two polymers belonging to the Polybutylene
Succinate group were used. The first one is acommon PBS, BioPBS FZ71PM/FZ71MB (PBS),
and was delivered by MCC Biochem. The second one is a Polybutylene Succinate Adipate,
Bionolle™ 3001 MD (PBSA), and was produced by Showa Denko K.K. Finally, PolyButylene
Adipate Terephthalate (PBAT) Ecoflex F Blend C1200 was provided by BASF. The

rheological and thermal properties of these matrices are gathered in Table 4.

Table 4: Density, Melt Flow Rate (MFR), melting temperature and tensile modulus of the investigated matrices. According
to supplier (*).

PLA PBS PBSA PBAT
Mass density * 1.24 1.26 1.26 1.25-1.27
MFR (g/min)* 22 22 3 2.7-4.9
Melting point (°C)* 200 115 114 110-120
Tensile modulus (Gpa) 3.1+0.3 0.7+£0.2 0.3+0.1 0.06 £ 0.03
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I1.2. Manufacturing process
I1.2.a. Filament production

The filament used for printing the laminates was produced by the co-extrusion process (Figure
69). By feeding and bringing together the flax yarn and the molten polymer matrix in a heated
nozzle, impregnation of the fiber by the matrix occurs. Then, by cooling it to room temperature,
the biopolymer becomes more rigid, and the final continuous flax fiber reinforced filament is
obtained. This process was developed by Le Duigou et al. [79]. The extrusion conditions for

each of the customized filaments are detailed in Table 5.

Table 5: Extrusion conditions for customized continuous flax-fiber reinforced filaments.

CFF/PLA CFF/PBS cFF/PBSA CFF/PBAT

Die temperature (°C) 200 175 200 200
Oven temperature (°C) 120 RT RT RT
Die size (mm) 0.6 (diameter) x 20 (length)

Puller speed (m/min) 1.00 1.00 0.80 0.80
Extrusion speed (rpm) 3 3 2 2

Biopolymer granulates

Single screw|
extruder

Flax bundle

¢! e W LW W WS
Guidance system L L Spooling
Puller machine

Unwinder with pre-heating
Biopolymer loss

Figure 69: Schematic represention of co-extrusion process used to develop continuous flax fiber reinforced filament.

I1.2.b. 3D-printing of continuous flax fiber reinforced biocomposites
I1.2.b.i. 3D-printing
The final step in the manufacturing process is the 3D-printing of biocomposite laminates

(Figure 70). This part is ensured by a PRUSA MK3s 3D-printer with a custom print head.
Allowing architectural control, 3D-printing allows for setting several parameters such as layer
thickness t, interfilament distance 1D within layers and fiber orientation of which both influence

the morphing pattern inside 4D-printed bilayers.
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PLA matrix
Flax bundle

F Active
layer

Passive layer

Figure 70: Schematic description of 3D-printing process of continuous flax-fiber reinforced bilayers. L and w represent the
length and width of printed bilayer. tp and ta refer to the thickness of passive and active layer, while IDp symbolizes the
interfilament distance within passive layer.

Depending on the matrix surrounding the flax yarns, the printing bed is heated in order to
optimize the deposition process and to avoid high thermal residual stresses inside the structure.
The Gcodes are written using FullcontrolGcode Designer [224] which allows a disruptive
control of printing parameters. The printing conditions for each material are gathered in Table

6.

Table 6: Printing conditions for flax-fiber reinforced biocomposites.

cFF/PLA cFF/PBS cFF/PBSA cFF/PBAT

Nozzle temperature (°C) 190 135 145 145

Bed temperature (°C) 60 Room Temp. Room Temp. Room Temp.
Printing speed

(mm/min) in straight 420 420 420 420
lines

Layer height (mm) 0.20 0.15 0.15 0.15

I1.2.b.ii. Post-treated specimens

A batch of printed samples was post-processed by molding them in a hot press at 30 bar to limit
the potential effect of 3D-printing on porosity. The 3D-printed samples were placed in a metal
mold to minimize misalignment effect of yarn. Then, they were subjected to heating and
cooling steps under high compression. The first step is to heat the system to the nozzle

temperature for the shortest possible time to prevent thermal degradation [210]. The processing
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temperature was adapted to the present matrix in order to optimize its rheological behavior for
a better matter cohesion. cFF/PLA, cFF/PBS, cFF/PBSA and cFF/PBAT were heated up at T
=200 °C, T=160°C, T =170 °C and T = 200 °C respectively. Then, while maintaining an
elevated temperature, the system was put under pressure of 50 bar for 2 minutes. Finally,
cooling was carried out under 200 bar to room temperature. SEM images of the microstructure

of the cross-section of the two laminates are shown in Figure 71.

Figure 71: Microscopic analysis obtained by SEM of the microstructure of (a) 3D-printed cFF/PBS and (b) 3D-printed +
thermopressed cFF/PBS laminates

I1.3. Characterization techniques

I1.3.a. Microscopic analysis

I1.3.a.i. Fiber, porosity and channel content

The microstructure of custom filaments and 3D-printed biocomposites is evaluated using the
KEYENCE VHX-7000 digital microscope and the Jeol JSM-IT500HR scanning electron
microscope at 5 kV.

Quantification of the mesostructure of 3D-prints is an essential step to fix structural parameters
affecting actuation. At first, porosity and fiber content of co-extruded filament were assessed.
Then, regarding 3D-printed unidirectional specimens, three structural entities were evaluated:
1) fiber content, 2) porosity content and 3) channel content. It is important to differentiate fiber

and porosity content in filaments and 3D-printed specimens since manufacturing process is
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known to induce unwanted porosities. The surface fraction of the channels are related to the
architected conducts tackled in Chapter 6. They represent localized empty conducts. Both
content was measured on the YZ cross section. Figure 72 points out the section of filament and
3D-printed biocomposites. Image analysis was performed using ImageJ software® (National

Institute of Health, USA).

Fiber bundles

500 pm

Figure 72: Microstructural analyzes illustrating the section of (a) co-extruded filament and (b) 3D-printed biocomposite.

II.3.a.ii. Mesostructural analysis of bilayers

Relying on Timoshenko’s equation (Equation 1), a microscopic analysis was also conducted to
evaluate the thickness ratio of 4D-printed bilayers since it governs the morphing ability of HBC

(Figure 73).
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Figure 73: Evolution of bilayer curvature as a function of thickness ratio m (taken from [225]).

I1.3.b. Hydro- and hygroscopic properties of 3D-printed

biocomposites

I1.3.b.i. Sample conditioning
5-layer printed samples (2 x 2cm?) are placed in an oven at 40°C under vacuum until THE

stabilization of their mass. After this drying step, which represents the initial state, the samples
are either fully immersed (at room temperature) in distilled water (hydroscopic conditioning)
or in awet environment controlled by an active desiccator chamber (hygroscopic conditioning).
For a progressive rise of ambient humidity, a full RH (from 0% to 98%) and temperature-

controlled enclosure was used. The temperature was fixed at 20°C.

I1.3.b.ii. Sorption isotherm

The sorption mechanism of 3D-printed biocomposites is evaluated at different relative
humidity values to build the sorption isotherms with Equilibrium Moisture Content (EMC)
thanks to the active desiccator chamber previously defined. The percentage gain Mt at any time

t is calculated as:

M (%) = % 100 (Equation 3)

0
Where M and Mo are the mass of the sample after exposure to water/moisture and the mass of
the initially dry material, respectively. All the data presented here represent the mean values of

120

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



a quintuplicated test. During immersion, three parameters of interest are extracted: the final
water content (AM,sat), the coefficient of diffusion (D) and the kinetic of sorption (dM/dt). D
is obtained by fitting the experimental data with a Fickian diffusion model which is typically
used to describe the sorption behavior of thin natural fiber composite ([21]-[22]). To study the
hydroscopic properties of continuous flax fiber reinforced composites, the samples can be
considered as thin laminates since the thickness (e = 1.5 mm) is much lower than the width (I
=20 mm). The 1D Fick model was used as a simple tool to better understand the role of matrix
stiffness on moisture sorption kinetics (Chapter 3). Regarding short wood fiber reinforced
biocomposites, the same model was used although having a higher width/thickness (w/t) ratio.
In this case, the fit allows for exploring the relation between water diffusion and biocomposite
structure (Chapter 6). A more in-depth study of the sorption mechanism using more complex
models is beyond the scope of these two surveys.

To quantify the diffusion kinetics of biocomposites, samples similar to those used for hydro-
and hygroscopic conditioning were tested. Based on the diffusion curve AM = f (\/t) [227]

Equation 4 was used.

M2—-M1 4 Moo .
Al VD (Equation 4)

D symbolizes the coefficient of diffusion, My the water content at saturation and h the
thickness of the sample; while t; and to was set at the beginning (t. = 0 s) and after 1 hour (t =
3600 s) of immersion. M1 and M are the water content of biocomposites related at both times.
Water-induced Kkinetics of sorption were evaluated after 1-hour of immersion by measuring the

slope between biocomposite swelling and immersion time (Figure 74).
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Figure 74: Sorption curve of biocomposite with the measurement of kinetic of sorption (dM/dt) on the initial linear part of the
curve and the final sorption reached at saturation (AMsat).

I1.3.a.iii. Anisotropic swelling
These physical mechanisms are characterized by measuring the swelling of final 3D-printed
biocomposites during immersion tests (hydroexpansion) and in several humid environments
(hygroexpansion) using the cartographic tool KEYENCE VHX-7000 digital microscope. Five
squared samples are analyzed in the longitudinal, transverse and out-of-plane directions and
the arithmetic mean of the results is calculated for both continuous flax fiber reinforced
biocomposites (Chapter 3) and short wood fiber reinforced biocomposites (Chapter 6). While
longitudinal (x) and transverse (y) directions have been carried out with KEYENCE VHX-
7000 digital microscope measurements (Figure 75a), the out-of-plane swelling (z) was assessed
by a Mitutoyo micrometer with a resolution of 0.001 mm. The final expansion of the material
and its kinetic of expansion evaluated in both directions represent the targeted properties of the

test (Figure 75b).
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Figure 75: Evaluation of the hydroexpansion phenomenon on a 3D-printed biocomposite. (a) Top view of 3DP cFF/PBAT
biocomposite and evolution of the sample’s thickness in the transverse direction (dy). (b) Resulting graph allowing for
measuring the kinetic of expansion (de/dt) and final expansion reached at saturation (Aesat), i.e. here presented for transverse
hygroexpansion.

I1.3.c. Mechanical properties

Mechanical tests on 3D-printed samples whose edges were machine-milled before performing
the experiment are replicated five times. Prior to testing, the samples are stored in a vacuum
oven at 40°C until a constant weight is reached. This condition implies a minimal amount of
water within the material, which is indicated here as ‘zero’ (anhydrous state). The tensile
properties of all specimens are determined by quasi-static tensile tests according to ASTM
D638, ISO 527-4 and I1SO 14129 standards, using an Instron 5566 universal testing machine

(500N or 5 kN cell load depending on the maximal strength overcame by the tested specimen).
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The test was carried out with a tensile speed of 1 mm.min. The in-plane shear properties

(stress and strain) are determined by ASTM D3518 standard.

Three different types of test specimens, type A specimen (unidirectional fiber orientation at 0°
along the length of the specimen) and type B specimen (unidirectional fiber orientation at 90°
along the width of the specimen) are used to determine the longitudinal and transverse
mechanical tensile properties, while type C specimen (bidirectional fiber orientation at 45/-
45°) is used to evaluate the mechanical shear properties. An extensometer is used for the strain
measurement during the longitudinal and transverse tests. The tensile longitudinal modulus
named Ei is determined within a range of strains from 0.05 to 0.1 % [228]. Tensile
characterization of pure PBAT, PBSA, PBS, PLA matrices and thermopressed biocomposites

is also performed.

I1.3.d. Physico-chemical properties
I1.3.d.i. Thermal properties
Thermal properties of biocomposites were evaluated by Differential Scanning Calorimeter

(DSC). Several features gathering glass transition temperature (Tg), recrystallization
temperature (Tc), melting temperature (Tm) and crystallinity index (Ic) of the biopolymer matrix
were followed throughout the measurement. This characterization step is essential since it is
assumed to impact both water sorption and shape-shifting of HBC (Chapter 3, 4 and 6) as

well as marine biofouling (Chapter 7) ([229]-[231]).

I1.3.d.ii. Viscoelastic properties

Dynamic rheological characterization has been carried out on MCR201 rheometer from Anton
Paar. The instrument was set up with 25-mm parallel-plate geometry, and the experiments were
conducted in oscillatory mode in frequency range of 0.01-100 rad.s* at 170°C, 200°C and
190°C for PBS, PLA and PBAT, respectively. The strain was selected within the linear

viscoelastic domain.
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I1.3.e. Characterization methods of 4D-printed bilayers
II.3.e.i. Actuation properties

To quantify the shape-changing potential of 4D-printed specimens, the radius of curvature was
measured by image analysis using the ImageJ software (national Institute of Health, USA).
Being directly linked to these radii, the longitudinal curvature (Chapter 3, 4 and 6) and

transverse curvature (Chapter 4) were thus reported (Figure 76).

(a)

Ky 1cm

(b)

Figure 76: (a) 4D-printed cFF/PLA specimen illustrating the longitudinal Kx and transverse Ky curvatures. (b) Schematic
description of radius of curvature at different actuation step.

I1.3.e.ii. Hydro- and hygroscopic stresses measurement

Arising from the fiber swelling that induces shape-changing of the material, hydro- and
hygroscopic stresses are generated inside the structure. Via calculations based on the
experimental results on the curvature actuation of 4D-printed HBC, elastic and hydroexpansion

properties of 3D-printed biocomposites, and internal hydroscopic stresses can be estimated as

follows [232].

E11.E22 t E11 E22

1 1 .
Onya = prripazng @ T2 @t o T o) (Equation 5)
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With t the bilayer thickness, E11 and E22 the respective elastic moduli of the active and passive

layers, G12 the shear modulus, and Ap the relative variation of curvature between the dry and

wet (after saturation) bilayers.

ITI. “Biological” survey

III.1. Materials

To assess the potential of flax-fiber reinforced biocomposites to repopulate marine ecosystems,

three ranges of materials were selected: conventional plastics, bioplastics and biocomposites.

Conventional plastics are represented by a transparent commercial polymer, i.e. Polyglass,

provided by SEDPA (Pérenchies, France) in opposition to bioplastics composed of PolyLactic

Acid (PLA) Biopolymer 3001 supplied by Natureworks LLC (Minneapolis, USA) and

PolyButylene Adipate Terephtalate (PBAT) Ecoflex C1200 supplied by BASF. Biocomposites

were made of bioplastics (PLA, PBAT) combined with flax non-woven preforms (100 £ 15

g/m2) provided by Ecotechnilin (Yvetot, France). Two flax fiber volume contents (V) of 15%

and 30% added in both bioplastics were investigated. Both bioplastics and biocomposites plates

were manufactured by moulding process using a hot press as previously performed by

Pantaloni et al. [233]. The physico-chemical properties of both materials are reported in Table

7.

Table 7: Physicochemical properties of plastic, bioplastics and biocomposites. Data provided by the supplier (*).

Materials Density Roughness Contact Elastic modulus Toughness  Cristallinity
(mm) angle (°) (MPa) (Shore D) index (%)

Polyglass 1.29+0.02 | 0.32+0.04 59.4 £ 2.5 2634 + 145 76.9+1.1 9-10
PLA 1.24%* 2.99+0.37 77.5+£2.0 3116 + 309 82.612.6 0-1
PBAT 1.25-1.27* | 2.55%0.19 84.7+1.9 63 +3 42.3+3.1 15-16
Flax/PLA

+ + + + + -
(VF = 30%) 1.03+0.01 | 3.63+0.92 87.9+6.7 17795 + 1010 83.4+14 3-4
Flax/PBAT

+ + + + + -
(VF = 30%) 1.05+0.01 | 3.17+0.49 49.3+5.2 18504 + 3262 61.8+2.2 17-18
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ITI.2. Manufacturing process
Compression molding avails for two specific surveys. At first, it was employed to compare the
hydroexpansion and hydroscopic coefficient of biocomposites between 3D-printed samples
and 3D-printed + thermo-compressed samples with a similar formulation (Chapter 3) as
explained in Section 1.2.b.ii. Then, the fabrication of thermo-compressed specimens for
biofouling investigations (Chapter 7) was also carried out. In this investigation, 3D-printing
process was not employed since only the influence of biocomposite formulation on biofouling

potential was targeted.

III.3. Characterization of substrates

Numerous analyzes are conducted on the aforementioned materials since many parameters
have been identified to influence the colonizing process of marine organisms [209]. As
previously described, the characterization of mechanical properties and thermal properties are
carried using the same methods as for the “Material and Design” survey.

ITI.3.a. Contact angle
The hydrophilic/hydrophobic behavior of several biopolymer (PLA, PBAT), biocomposites
(cFF/PLA, cFF/PBAT) and conventional polymer (Polyglass) was investigated by contact
angle measurement. For this test, a KRUSS DSA30 goniometer was employed. Contact angle
measurements provides information on the surface wettability and interactions with organic
solvents. Three tested solvent were used among which water, formamide and diiodomethane
to have more feedbacks on the surface tension and polarity of surface components.

ITI.3.b. Surface roughness
Finally, the last physico-chemical property relies in surface roughness which is a critical
parameter to know working on marine biofouling. To characterize the surface roughness of our
thermo-compressed samples, a TR 100 Surface Roughness Tester was employed. It allows for

measuring manually the arithmetical mean roughness value (Ra) and the mean roughness depth
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obtained by averaging the five highest peaks with the five highest depth (Rz). Methods of

analysis are illustrated in Figure 77.

Rz1max

Figure 77: Method of analysis of (a) the arithmetical roughness value (Ra) and (b) the mean roughness depth (Rz) (taken
from Mitutoyo reference guide).

IT1.4. Cultivation of the biological strains
Two marine microorganism strains were cultivated: Pseudoalteromonas sp. 3J6 (Figure 78a)

marine bacterium and Cylindrotheca closterium diatom (Figure 78Db).

Figure 78: Pictures of (a) Pseudoalteromonas bacteria (adapted from [231]) and (b) C. closterium (adapted from [232]).
Scale bars: 1 pm (@), 10 um (b).

II1.4.a. Pseudoalteromonas sp. 316
Pseudoalteromonas sp. 3J6 was isolated from an immerged glass surface in the Gulf of

Morbihan — Bailleron’s island [234]. This bacterial strain was tagged by a GFP encoded
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plasmid [235]. Strain was grown on Marine Broth (MB) medium (Difco) at 20°C under orbital

shaking (125 rpm) for 3 days.

II1.4.b. Cylindrotheca closterium

C. closterium (Bacillariophyceae, (Ehrenberg) Reimann and Lewin) were cultured in a
phytotronic chamber (Helios 600 Phytotron) with a 16h:8h light/dark cycle. Growing in an
artificial seawater (ASW), diatoms were used at the stationary phase after 14 days of growth.
An axenization was carried out before synchronization, i.e. 40h before the experiment, by
adding three antibiotics : penicillin G (1 g/L), streptomycin (500 mg/L) and chloramphenicol
(100 mg/L) [236]. Before starting the test, diatom counting was realized to make sure that a
sufficient population of diatoms was present. The threshold limit was fixed at 108 cells/mL for
investigating the impact of flax leachates on diatom growth and 10° cells/mL for diatom

adhesion test.

ITI.5. Sample preparation
ITI.5.a. Samples for microorganism adhesion

For carrying the microorganism adhesion survey of Pseudoalteromonas sp. 3J6 and C.
closterium, three different types of materials were used: conventional plastic (Polyglass),
bioplastics (PLA and PBAT) and biocomposites (Flax/PLA and Flax/PBAT) for which fiber
volume fraction was of 30%. These materials were cut in small, squared pieces (1 cm?) and

sterilized by UV (A = 365 nm) for 20 min.

ITI.5.b. Samples for in situ macroorganism adhesion

Tests were conducted in the harbour of Etel (Etel, 47°39°32°N 3°12°27“W). Eleven range of
materials (10x10 cm?) were immersed : bioplastics (PLA, PBAT), biocomposites with various
flax fiber content (15%, 30%), the reference plastic (Polyglass) and four concrete formulations
with specific additive, i.e. Calcium Diformate (CD), Limestone Filler (LF), Cellulose Ether
(CE) and raw concrete (X). The sample distribution was randomly organized to stamp from
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combined microbiological attraction. The immersion period started in October 2021 and ended
in September 2022. In total, 55 squared samples (replicates = 5) were horizontally fixed on an

oyster table (Figure 79) and immersed at a depth of 2.5 m for one year.

Figure 79: Picture of the sample distribution on an oyster table before immersion.

ITI.5.c. Samples for testing the growth of microorganisms

To establish a connection between released degradation products of flax fibers, i.e. flax
leachates, and the growing process of marine microorganisms, an extraction of flax leachates
was conducted. For that, row non-woven flax fabrics were immersed in artificial seawater
(ASW) for 24 h under stirring (150 rpm). The resulting solvent was filtered and evaporated at

40°C. Finally, the extracted product was adjusted with ASW at a concentration of 10 mg.mL"

1
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ITI.6. Microorganism and macroorganism adhesion
IT1.6.a. Microorganism adhesion

For each tested material, technical duplicates and biological triplicates were performed.

III.6.a.i. Pseudoalteromonas sp. 316

e Bacterial adhesion

Each sterilized squared sample of Polyglass, bioplastics (PLA and PBAT) and biocomposites
(Flax/PLA and Flax/PBAT) was dropped in a 24-well microtiter glass bottom plate (Figure
80). Polyglass samples were used as control samples. Once the samples are positioned, 2 mL
of the tested bacterial solutions recovered the material surfaces. The time allocated for bacterial
adhesion was 3 hours [234]. After washing and removing the non-adhered organisms, the
covering rate is characterized by Confocal Laser Scanning Microscopy (LSM 710, Zeiss,
Oberkochen, Germany) using a 40x oil immersion objective. The covering percentage was

measured by ImageJ software (National Institute of Health, USA).

e Biofilm formation

Once the bacterial adhesion was analyzed, feeding medium (MB) was added to each well in
order to promote bacterial biofilm growth. A confocal analysis using a x40 oil immersion
objective is realized after 72-hours of maturity to quantify the biovolume (um*/um2) and
average thickness (um) of the bacterial biofilm. The final targeted properties (average thickness

and biovolume) are measured by Comstat from MATLAB software.

Figure 81 illustrates the test carried out from bacterial adhesion of Pseudoalteromonas sp. 3J6

to the final conceived biofilm.
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Figure 80: 24-well microtiter glass bottom plate. Microorganisms adhesion takes place in the well containing a material
sample. Empty spots are used to flip the samples and analyze the covering surface by confocal analysis.

1) Culture of Pseudoalteromonas 2) Cellular adhesion of 3) Biofilm formation of
sp. 3J6 . Pseudoalteromonas sp. 316 Pseudoalteromonas sp. 316
= )
t=3h t=72h
7
Pseudoalteromonas sp. 3J6 |
Solution
« Salt solution (MB) al
« Pseudo. sp. 3J6 v N\

§ <= % Stored at 20°C under stiring

Measurement: Measurements:
* Recovery rate ¢ Biovolume
¢ Average thickness

Figure 81 : Schematic protocol from strain culture to biofouling characterization of Pseudoalteromonas sp. 3J6. Scheme was
created on Biorender.com.

II1.6.a.ii. Cylindrotheca closterium

e Diatom adhesion

Considering C. closterium diatoms, the adhesion mechanism was characterized after 72 hours

[237] of incubation by confocal analysis using a 20x water immersion objective.
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e Biofilm formation

As with the bacterial survey, the formation of diatoms biofilm was assessed after 72 hours of
incubation by confocal analysis using a x20 water immersion objective. The final targeted
properties (average thickness and biovolume) are measured by Comstat from MATLAB

software.

II1.6.b. In situ macroorganism adhesion

The measurement of macrofouling was performed during the favorable period, i.e. between
March and September, for scuba diving in Brittany. Underwater pictures (Figure 82) of the
macrofouling were taken with a CANON® G12 digital camera equipped with Ikélite®

watertight enclosure.

At the end of the 1-year immersion period, samples were picked up and the identification of

colonizing organisms was carried out. Only sessile species were considered.

Figure 82: Underwater pictures of slabs made of (a) PLA, (b) Flax/PLA (Vf = 15%), (c) Flax/PLA (Vf = 30%), (d) PBAT,
(e) Flax/PBAT (Vf = 15%) and Flax/PBAT (Vf = 30%) after 1 year of immersion (from June 2022 to June 2023).
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ITI.7. Influence of flax leachates on the growth of microorganisms

Extracted from flax fibers, the influence of the lixivia was evaluated on the growth of C.

closterium diatoms and Pseudoalteromonas sp. 3J6 bacteria.

For evaluating the impact on the growth of Pseudoalteromonas sp. 3J6, 96-well microtiter
plates were filled with solutions of MB/flax leachates with a variable concentration of flax
leachates going from 0.08, 0.16, 0.31, 0.63, 1.25 to 2.5 mg.mL™. This survey is carried out by
using the optical density of solutions, i.e. retracing the growing rate of the bacterium [238],

after 1 day of interactions.

Regarding C. closterium, similar microtiter plates were filled with ASW/flax leachates
following the same range of leachate concentration. The resulting fluorescence generated by
living diatoms after 4 days of interactions was used as an indicator for measuring the growing
rate of diatoms [237]. The schematic organization of both microplates is presented by Figure

83.
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Figure 83: Schemes of 96-well microplate for following the growth of two biological models: (a) Pseudoalteromonas sp. 3J6
by absorbance and (b) C. closterium by fluorescence in the presence of flax leachates. Blue spots symbolize water-filled
wells to prevent interferences from the outside. Gradient orange spots are dedicated to the growing medium/flax leachates.
The green areas are dedicated to the growing medium/biological model solutions used as reference and control for
bacterial/diatom growth. The gradient red spots represent the biological triplicates inducing technical duplicates to get higher
reliability in the results. For both microplates, the flax leachate concentration decreased from the top to the bottom.
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I. Introduction

The recent rise of continuous fiber reinforced composites developed by 3D printing has opened
the way to complex and multifunctional load-bearing materials. First introduced by Matsuzaki
et al. [90] in 2016, the controlled distribution of continuous fibers within the printed composite
achieved unprecedented mechanical performance and strengthened the anisotropic behavior of
fiber-reinforced materials. In this context, the development of 3D-printed continuous natural
fiber reinforced biocomposites (CNFRB) has been presented ([87], [91], [239]) as a new
sustainable approach in load-bearing applications but also for morphing purposes [87]. An
antagonist feature between load-bearing application and shape-changing of biocomposite is its
moisture-induced hygro/hydroexpansion, caused by the local swelling of the natural fibers.
Indeed, it induces a reduction of mechanical performance but increases the actuation potential
of shape-changing materials. To this point, it is important to differentiate two physical
mechanisms contributing to the expansion of material in presence of water. Hydroexpansion
of material relates to its swelling behavior under immersion while hygroexpansion targets its
swelling behavior under variable relative humidity [35].

Providing the interactions of their hydroxyl groups with water molecules, hydrophilic
polysaccharides (hemicelluloses, pectins) facilitate the sorption of water [240]. This
phenomenon induces a reorganization of the local arrangement of the polymer chains and a
modification of the dimensional [241] and mechanical properties of the fiber [58]. The
hygroexpansion mechanisms within plant fibers depend strongly on their microstructure and
composition ([38], [45], [242]). For example, single flax fibers show a radial hygroscopic
coefficient B of 1.14 [45]. However, Joffre et al. [47] have shown that when surrounded by a
polymer matrix, natural fibers do not reach the same levels of swelling because of the
constraining effect applied to them. This trend was confirmed by Abida et al. [46] who also

underlined the constraining effect of the epoxy matrix on the radial swelling of the flax yarns.
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They observed a significant difference between the radial hygroscopic coefficient of the flax
yarns (B=1.11) and the transverse coefficient of the flax fiber-reinforced composites in weft
(B=0.13) and out-of-plane (=0.85) directions. In addition, Réquilé et al. [56] and Le Duigou
et al. [59] have demonstrated hygroscopic swelling of an orthotropic nature in natural fiber-
reinforced composites. It was stated to be due to an asymmetric pressure distribution and the
release of elastic potential energy during the processing step, although this remains open to
debate.

The differential swelling between the fiber and the matrix as well as between the orthogonal
plies involves the generation of hygroscopic internal stresses that have been recently
investigated [243]. These stresses can sometimes exceed the transverse tensile strength of the
composite ply and result in internal damage (crack, delaminating, etc). The hygroscopic
expansion of natural fibers and their related stresses are considered a drawback for structural
applications and mitigation strategies should be implemented to limit its influence.

Based on a biomimicry approach and asymmetric architecture, the hygroscopic expansion of
natural fibers can be efficiently used in Hygromorph BioComposites (HBC) with shape-
changing functionality. These materials are both sensors and actuators and react passively
(without an external energy source) to changes in humidity. Belonging to stimuli-responsive
materials, HBC with slender geometry display responsiveness and reactivity to actuation that
depend directly on various global parameters described by the modified Timoschenko
equations [62] (tensile modulus ratio, laminate thickness, ply thickness ratio and
hygroexpansion of each ply). Experimental investigations have demonstrated that interfacial
shear strength, fiber architecture and composition, and fiber content are material parameters
that affect their spatio-temporal response [64].

The hygroscopic and anisotropic expansion of natural fibers is considered as an opportunity

for morphing applications of biocomposites because the shape-changing mechanism and the
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amplitude reached is based on large differential swelling within the asymmetric mesostructure.
Hence, a better understanding of biocomposite expansion is essential to exacerbate the
amplitude potential of morphing biocomposites.

Chapter 3 aims at understanding the matrix contribution on the hygro- and hydroscopic
properties and internal stresses for load-bearing and morphing applications of 3D-printed
hygromorph biocomposites (continuous reinforcements).

For that, an investigation is conducted on the effect of matrix stiffness and the role of the
biopolymer matrix in the swelling process, with tensile moduli ranging from 63 + 3 MPa for
PolyButylene Adipate Terephtalate (PBAT), to 313 £ 87 for PolyButylene Succinate Adipate
(PBSA), to 658 + 16 for PolyButylene Succinate (PBS) and to 3116 + 309 for PolyLactic Acid
(PLA). The effect of the 3D-printing process is first analyzed by comparing the results obtained
with similar materials processed by thermo-compression. Water and moisture sorption tests are
performed in combination with hygro-/hydroexpansion measurements to show transient and
stationary behavior. Tensile properties are also evaluated, while the curvature of asymmetric
lay-up is assessed to track the internal hydroscopic stress state.

Finally, the influence of matrix stiffness is discussed in the framework of controlling

hydroexpansion for opposite purposes such as structural and morphing applications.
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II. Microstructural description

Fiber content and porosity are two essential parameters for qualifying composite materials and
their related manufacture, as they drastically influence mechanical, hydro- and hygroscopic
properties. Porosity is not a simple parameter to evaluate for natural fiber composites as it
depends on the characterization method as well as the input data (e.g. fiber density) used for
the calculation [244]. The microstructure features of the different flax-based printed
biocomposites as a function of the biopolymer matrix (PBAT, PBSA, PBS and PLA) are
presented in Table 8. They are compared to printed samples that have been submitted to

subsequent thermocompression step.

Table 8: Fiber volume fraction (Vf) and porosity content (Vp) of (a) 3D-printed and (b) 3D-printed- thermocompressed
biocomposites

cFF/PLA cFF/PBS cFF/PBSA cFF/PBAT
(a) 3D Printing
Vf (%) 32.6+0.5 29.1+25 29.2+3.0 33.0+4.2
Vp (%) 2.11+0.1 41+0.9 3.7+1.2 45 £15
(b) 3D Printing + thermocompression
Vf (%) 33.8+0.3 28.8+4.1 329+1.0 30.9+3.3
Vp (%) 0.6+0.1 0.5+0.4 0.6+0.2 1.2+0.2

The fiber volume fraction is targeted around 30%vol during filament production, which is
respected for all samples, taking into account the standard deviation. Although considerably
higher than the pioneering work of Matsuzaki et al. [90], this achieved fiber fraction is limited
by technical reasons such as yarn twist and partial impregnation. As far as we know, there is
currently no off-the-shelf industrial filament containing continuous natural fibers on the
market. This suggests that the current results can be further improved by additional technical
work on filament production.

Although, De Kergariou et al. [244] suggested that the optical measurement tends to
underestimate the porosity of the biocomposite, i.e. porosity content, and evidences moderate

values attesting for a good printing quality compared to the literature data on discontinuous
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fiber biocomposite [87]. This is due to a careful material selection, comprehensive humidity
control during the process and optimization of printing and slicing parameters. Therefore,
hydro- and hygromechanical analysis can be achieved without being dramatically biased by
defects.

In order to evaluate the effect of the 3D-printing process on the microstructure but also on the
hygroscopic properties, an additional molding step was applied while the potential thermal
degradation is assumed to be of low importance. In fact, the porosity content of thermo-pressed

materials decreases drastically to 0.5 % for cFF/PBS and 1.2 % for cFF/PBAT (Table 8).

ITI. Hygroscopic behavior

ITI.1. Sorption isotherm

Prior to the biocomposites, each biopolymer matrix with different tensile moduli, e.g. 0.06 GPa
for PBAT, 0.3 GPa for PBSA, 0.7 GPa for PBS, and a relatively stiff polymer with a value of
3.1 GPa for PLA, were tested and showed similar moisture content after water saturation
ranging from 1.05 + 0.07 % for PBAT, 1.13 + 0.09% for PBSA, 1.21 + 0.25 for PBS and 1.04
+ 0.23 % for PLA. These results were collected from molded samples to obtain a porosity
content close to 0%.

Figure 84a represents the evolution of the moisture content of 3D-printed biocomposites with
the different biopolymer matrices in a wet environment (from 0 to 98% RH). A sigmoidal
behavior can be observed for all biocomposites, regardless of matrix type and stiffness, which
is typical of porous cellulosic materials with a multi-step sorption mechanism [245], [246].
Assuming negligible microstructural difference (porosity and fiber content) (Table 8) within
these biocomposites and similar moisture uptake of the matrices, matrix stiffness is assumed

not to affect the sorption mechanism of the biocomposites in a humid environment.
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Figure 84b exhibits the evolution of moisture content as a function of immersion time for
similar materials. Difference between sorption at high relative humidity and immersion
conditions are evidenced with a higher sorption for immersion. This may be due to the free
volume filling at different scale by free water [15].

Again, the sorption behavior is broadly similar between the biocomposites, although the

diffusion coefficient and moisture content at saturation are altered.
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Figure 84: (a) Evolution of moisture content of 3D printed biocomposites with different biopolymer matrices (PBAT, PBSA,
PBS and PLA) as a function of Relative Humidity (RH). (b) Water uptake as a function of time during immersion of 3D-
printed biocomposites.

Thus, cFF/PBAT samples are slightly more sensitive to water uptake as they reached a post-
saturation water content of 19.7 + 1.2%, compared to 17.0 + 0.6% for cFF/PBSA, 16.4 £ 0.9%
for cFF/PBS and 15.4 £ 0.2% for cFF/PLA. Regarding the sorption kinetics of pure matrices,
PLA, PBS, PBSA and PBAT samples exhibit a diffusion coefficient of 5.5 10°s®, 6.9 10°s7?,
8.510°s?t and 7.5 10° st respectively (Table 9). At the biocomposite scale, CFF/PBAT, with
the softest matrix, has the highest diffusion coefficient, while cFF/PLA takes the longest to

absorb water, with a diffusion coefficient 5 times lower.
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Table 9: Parameters extracted from water diffusion models for (a) 3D-printed and (b) post-thermopressed biocomposites

cFF/PLA cFF/PBS cFF/PBSA cFF/PBAT

(a) 3D Printing
Am, sat (%) 154+0.2 16.4+0.9 17.0+0.6 19.7+1.2
D (10°°mm?/s) 6.8 29 31 34
(b) 3D Printing + Thermocompression
Am, sat (%) 9.8+0.5 7.4+0.6 8.6+0.3 10.7+0.5
D (10 mm?/s) 0.5 2.0 3.3 3.7

A clear decrease in terms of water mass at saturation and diffusion kinetics is visible between
3D-printed biocomposites and those 3D-printed and then thermocompressed, with for example
for absorbed water mass, a decrease of 93%, 94%, 78% and 89% for cFF/PLA, cFF/PBS,
cFF/PBSA and cFF/PBAT, respectively. This is due to the reduction in porosity both at the ply
and yarn scale (Figure 71) emphasizing a better fiber impregnation that results from the
application of additional pressure (Table 8). Regarding the trend and influence of matrix
stiffness, results suggest that water transport kinetic within biocomposites is influenced by
matrix stiffness. Actually, it is well established that moisture uptake within biocomposites is
accounted for by the hydrophilic nature of flax fibers [240]. However, the moisture sorption of
these fibers is altered by the residual stress state at fiber/matrix interface which originates from
the constraining effect of the matrix [247]. Thus, it appears that the matrix constraining effect
induced by matrix stiffness represents a key factor for controlling water diffusion in
biocomposites. Besides, underlying effect such as matrix crystallization might be another
potential explanation to this decrease of porosity content and should be more deeply

investigated.

II1.2. Hydroscopic expansion
The hydroscopic expansion of the biocomposites and the associated hydroscopic deformations

were measured and plotted in Figure 85. They are induced by the swelling of the natural fibers
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and the biopolymer matrix during sorption. The axial swelling €nydrox is the lowest owing to the

negligible swelling of the flax fibers in the longitudinal direction compared to the transverse
and out-of-plane directions.
At the laminate scale, moisture sorption induces a linear increase in transverse and out-of-plane

swelling strains with time, followed by a steady state plateau.
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Figure 85: Evolution of transverse and out-of-plane hydroscopic strains of 3D-printed biocomposites as a function of moisture
content. Solid lines represent a sigmoidal fit.

The similar behavior also observed in biological structures such as pine cones [62] is probably
due to the microstructure, interactions with water, and internal hygroscopic stresses. Indeed,
bonded water appearing at the first time of sorption is responsible of the hygroexpansion of the
fiber cell-wall [35] while the free water that is transported by the internal multi-scale porosity
implies an increase of water content but only slightly contributes to the deformation of the
material.

Steady-state plateau differences appear between the different matrix-based biocomposites with
lower maximum transverse hydroexpansion (ecrrra = 1.5%) for stiff PLA-based
biocomposites compared to soft PBAT-based biocomposites (ecrrpeat = 4.0%). Similarly, the
hydroexpansion coefficient () which takes into account hydroexpansion strain and moisture

content is influenced by the choice of matrix. As the stiffness of the matrix increases, 3
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decreases. It was evaluated by measuring the slope between initial (dry) and final (saturated)
state.

Considering that the fiber content is similar in biocomposites and that single flax fibers are
mainly responsible for the expansion of the biocomposite due to their radial expansion of 20-
25% ([45], [248]), the matrix and its stiffness therefore also play an important role in the
hydroexpansion of biocomposite. Their chemical composition must also be considered even
though PLA, PBS, PBSA and PBAT have slightly different hydroexpansion (epLa = 0.2 £ 0.1%,
eps= 0.4 £ 0.1%, epesa= 0.2 £ 0.1% and epgaT = 0.5 £ 0.1%).

The hydroexpansion kinetics is also greatly affected by the change in polymer stiffness with
values of 3.5 107 s to 32.8 10" s™* for PLA and PBAT-based biocomposites respectively and
PBS together with PBSA with intermediate values. All the values of the transient and stationary
regimes are gathered in Table 10 for all the 3D-printed biocomposites. The values obtained are
in a similar range as in the literature ([46], [56], [242], [249]).

Applying a subsequent thermocompression molding step after 3D-printing involves a twofold
increase in the hydroscopic coefficient compared to the printed sample (Table 10). This is in
agreement with the observation made on 3D-printed short wood fiber reinforced polyester in a
previous article [79]. Indeed, even if a slight reduction of the hydroscopic strain is observed,
the moisture content is drastically reduced due to the decrease of porosity. Thus, the influence

of the matrix stiffness on the maximum value and the expansion Kinetics is again confirmed.

Finally, a stiffer matrix leads to a lower expansion of biocomposites, which may be interesting
for structural application of a biocomposite in an outdoor environment. Soft matrices, on the
other hand, allow for greater expansion, which is the key factor in the design of hygromorph

and hydromorph biocomposites.
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Table 10: Hydroscopic parameters of 3D-printed and 3D-printed + thermocompressed biocomposites.

cFF/PLA cFF/PBS cFF/PBSA cFF/PBAT

(a) 3D Printing

ey,hyd (%) 1.5+0.3 3.0£03 3.8+0.4 4.0+0.4
dey/dt (107 s%) 35+1.1 16.3+5.5 20.2+6.2 32.8+3.7
By,hyd (%) 0.06 +0.01 0.13 +0.01 0.14 £ 0.01 0.19 £0.01

(b) 3D Printing + Thermocompression

gy,hyd (%) 14+0.1 1.6+0.2 3.0+0.1 3.7+0.1
dey/dt (107 s?) 1.1+0.1 29+0.1 104+29 214 0.4
By,hyd (%) 0.14+0.01 0.20 £0.02 0.30+0.02 0.31+0.01

IV. Hygro-/Hydromechanical behavior

IV. 1. Hygro-/Hydromechanical properties
Figure 86a and b display the influence of water content (implied by relative humidity and
immersion) on the longitudinal (E11) and transverse (E22) elastic moduli. First of all, the matrix
stiffness has a dramatic effect on longitudinal stiffness, with 3D-printed cFF/PLA, cFF/PBS,
cFF/PBSA and cFF/PBAT having E1x moduli of 15799 + 2154, 11175 £ 1250, 10300 + 700
and 12748 + 1847 MPa respectively. This is due to the moderate fiber volume ratio (about
30%). The trends observed for the transverse modulus are similar.
The data for cFF/PLA biocomposite are similar to those published previously [88]. To our
knowledge, there are no data available on cFF/PBS and cFF/PBAT in the literature. With
respect to transverse stiffness, the cFF/PLA composite also exhibits higher properties than
cFF/PBS and cFF/PBAT biocomposites, but beyond the effect of matrix stiffness, the
interfacial shear strength also has a large influence on the transverse properties. Using
microbond tests, Pantaloni et al. [233] showed that cFF/PLA has an interfacial shear strength
(IFSS) almost twice as high as cFF/PBS.
Then, the presence of water, induced by the RH conditioning or immersion, inside the

composites plies and fiber cell-walls causes an exponential decay of the E11 modulus for all
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biocomposites toward a nearly constant value (Figure 86a). The intensity of the decrease is
similar (-60%) regardless the matrix chosen. However, as noted earlier, a stiffer matrix results
in slower moisture uptake. Thus, it can be stated that the stiffness of the matrix can also
influence the kinetics of rigidity loss. For example, reaching a moisture content of 5% (Figure
84b) and the corresponding stiffness (Figure 86a) requires about 4 hours for cFF/PLA versus
about 24 minutes for cFF/PBS and cFF/PBAT biocomposites.

For E22, a linear decrease is noticed with a larger slope for cFF/PLA compared to the cFF/PBS

and cFF/PBAT counterparts (Figure 86b).
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Figure 86: Evolution of (a) longitudinal (E11) and (b) transverse (E22) elastic modulus of 3D-printed biocomposites for various
moisture content. The inset shows a magnification of the y-axis (b). Solid lines are decreasing exponential fits.

Actually, moisture induces swelling and plasticization mechanisms that alter the elastic
properties of composites. In addition, the moisture content and its gradient within the material
generate hygro- and hydroscopic internal stresses that can exceed the transverse tensile strength
of the composite ply and degrade the interactions both between the components and within the
fiber cell wall ([50], [51], [250]). This results in a lower ability to transfer load stresses during

mechanical loading and a failure of the material at lower loading stress.
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IV. 2. Evaluation of the internal stress
Curvature analysis, i.e. the difference between the initial dry curvature and the final saturated
curvature after immersion in water, was performed on asymmetric biocomposites. To better
understand the relationship between hydroexpansion and matrix stiffness, the radial internal
stresses generated in asymmetric laminates by moisture sorption are estimated using Equation
5[251]:

Eq1.Epp t (1 1 E11

.1 7] .
Eq1+E; Ap \2 t @+ o+t ) (Equation 5)

022 = Oradial = Gis | Gy

With t the total thickness of the sample (t = 0.65 mm), Ap the differential curvature radius due
to differential expansion between layers (Ap after printing = P after printing - P after actuation printing, E11 and
E2. are the values of longitudinal and transverse modulus at saturated state, G12 is the in-plane
shear modulus. A wide range of radial compressive stresses from 16.0 to 0.8 MPa for cFF/PLA
and cFF/PBAT respectively is calculated, confirming the lower constraining effect of PBAT
on flax fibers compared to PLA counterparts. cFF/PBS also exhibits a lower radial stress of 2.1
MPa. Higher matrix stiffness restricts fiber swelling due to higher internal compressive
stresses. Conversely, lower matrix stiffness allows the fiber to expand. This confirms that the
constraining effect of the matrix on the flax fiber and consequently on the internal hydroscopic
stresses can be controlled by selecting the appropriate matrix stiffness. However, it must be
kept in mind that local plasticization generated by water ingress might be considered during
matrix selection. Indeed, it would induce the matrix to be more deformable so that the

biocomposite swelling may be altered.

V. Matrix selection as a promotor of HBC actuation

A global representation of the evolution of the transverse hydroscopic strain of the different

3D-printed biocomposites is presented as a function of the matrix stiffness (Figure 87a).
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Interestingly, the hydroexpansion results correlate well with matrix stiffness with a continuous
decrease in hydroexpansion with increasing polymer stiffness. Thus, a constraining effect of
the matrix implies a linear reduction (Rz = 0.91) in the expansion of the embedded fiber
compared to the free fibers [47]. Increasing matrix stiffness helps to increase the stresses at the
fiber/matrix interface and promotes dimensional stability which is one of the bottlenecks in
load bearing applications. On the contrary, reducing the matrix stiffness allows the fiber to
expand considerably more and faster which can result in a faster response, potentially relevant
for actuator/shape-changing applications. Although not significant compared to the radial
swelling of flax fibers, the swelling of the matrix may contribute slightly to the expansion of

the biocomposite.
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Figure 87 (a) Evolution of hydroscopic expansion of 3D-printed biocomposites (Vf=30%) as a function of matrix stiffness. (b)
Evolution of the curvature amplitude of 4D-printed bilayer biocomposites in the dry and wet state as a function of the active-
to-passive layer thickness ratio (m).

The open question remains, what boundary conditions might allow the design of biocomposites
with negligible hygro- and hydroexpansion for load bearing applications and, on the contrary,
with maximum hygro- and hydroexpansion for morphing purposes ?

Based on a linear trend as observed in Figure 87a, two points can be discussed regarding the
boundary conditions. First, extrapolating a linear regression to enydy = 0 leads to a matrix

stiffness equal to 4.33 GPa. It is interesting to note that this value is close to the transverse
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modulus of the fiber ([252], [253]). This explains that the hygroexpansion of biocomposites
occurs if the stress generated by the fiber swelling is higher than the stress induced by the
matrix, thus if the rigidity of the matrix is lower than the transverse modulus of the fiber.
However, stiff polymers often induce low toughness and potentially high processing
temperature which are not compatible with natural fibers (e.g. PEEK or other). Formulating
the matrix with short fibers to enhance its stiffness can be imagined and would deserve further
work. On the other hand, maximization of hydroscopic strains for morphing purposes can be
achieved by decreasing the matrix stiffness, for a specific fiber content (Figure 87a). Assuming
Em = 0 GPa, the maximal transverse hydroscopic strain would be of 4.2% considering the
linear equation. In this condition, the natural fibers would be the only component to exhibit
water-induced swelling. Based on a specific Rule of Mixture, multiplying the fiber volume
fraction (Vf = 30%) by the radial swelling of elementary fiber (ey = 22.5%) gives a final
transverse swelling of 6.75% at the biocomposite scale. The difference between experimental
and theoretical values can be explained by the variation of swelling between single and bundle
of fiber as explained elsewhere [35]. The natural swelling potential of the free flax fiber could
be reached by the combination of restricted matrix stiffness and higher fiber content. Indeed,
based on the Timoshenko equations (Equation 1) the actuation curvature (actuator
responsiveness) Ak can be evaluated to illustrate the role of the matrix stiffness.

Figure 87b presents the predicted evolution of actuation curvature as a function of layer
thickness ratio m for biocomposites based on the different matrices. The maximum curvature
achieved by the bilayers covers a wide range from 21.3 10 mm™ for cFF/PLA, 52.2 10° mm"
! for cFF/PBS, 54.9 10 mm for cFF/PBSA to 86.3 10 mm™ for cFF/PBAT. Interestingly,
HBC with a softer matrix, i.e., PBAT, reaches almost similar curvature values (responsiveness)
to FF/MAPP with 60%vol manufactured by thermocompression [59]. Assuming that

responsiveness clearly depends on the fiber content [64], the present work shows that the matrix
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stiffness drastically and positively modifies the stationary actuation performance of HBC. The
Timoschenko’s equations do not provide any information on the transient performance of
HBC; however, previous results dealing with the effect of matrix stiffness on the swelling
kinetics of biocomposites suggest that it may also be positive for HBC. This point should be

investigated further.

VI. Conclusion

3D-printed biocomposites reinforced with plant-fibers are increasingly competitive with the
performance of composites reinforced with synthetic-fibers. The intrinsic swelling of natural
fibers has often been considered a major drawback limiting the development of biocomposites
for outdoor applications. However, turning this drawback into an advantage can be achieved
by designing shape-changing materials, i.e hygromorph/hydromorph biocomposites (HBC).
Chapter 3 brings additional insights into the effects of matrix stiffness on the sorption,
hydroexpansion, mechanical properties and internal stresses generation of biocomposites
manufactured by the 3D-printing process. Thus, various filaments were produced and then
printed with biopolymer matrices with a wide range of stiffness from 63 MPa to 3.1 GPa.
Similar fiber content and porosity level were achieved.

The increase in matrix stiffness implied a reduction in moisture content and sorption kinetics.
The cFF/PBAT biocomposites had a hydroscopic coefficient of 0.19, followed by PBSA, PBS
and PLA with coefficients of 0.14, 0.13 and 0.06, respectively. This was followed by a loss of
elastic mechanical properties of the different composites for a similar moisture content.

It was established that the constraining effect of the matrix was modified by the matrix stiffness
as found by evaluating the hydroscopic internal stresses. The evolution of hydroscopic strain
as a function of matrix stiffness showed a linear decreasing trend. It seems theoretically
possible to cancel the hydroexpansion in the case of a structural application of the biocomposite

by selecting a matrix whose stiffness is higher than 4.3 GPa. Conversely, for an application
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targeted towards morphing, maximum hydroscopic deformation can be achieved with low
matrix stiffness. Thus, the composite based on the softer matrix, i.e. cFF/PBAT, exhibits
encouraging actuation performance similar to that of FF/MAPP 60%vf manufactured by
thermocompression. Linear extrapolation of enyq as a function of matrix stiffness toward zero
values of matrix stiffness proposed a value around 4%. Further work should be done to design
Hygromorph BioComposites to take benefit of the full radial expansion of the elementary flax

fiber (= 20-25%).
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Chapter 4 : How bioinspired design fosters the

morphing behavior of HBC ?
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I. Introduction

Originally based on single curvature interpretation of pine cone scale motion during moisture
change ([62], [145]), recent works on pine cone scale have evidenced a more complex motion
than the single longitudinal curvature ([254], [255]). Actually, pine cone scale actuation
follows three states of humidity-driven deformation considered as a multi-phase curvature
occurring at different time scale. A bifurcation of curvature occurs around 30% of relative
humidity where the longitudinal curvature Kx overcomes the transverse one Ky [254]. The
bistability represents the two stable shape states that a material can reach due to an external
action. The transition between those states is highlighted through the bifurcation between the
longitudinal deformation Kx and the transversal deformation Ky, when a change of
predominant curvature is noticed.

More than fasten the response, this actuation scenario allows a better packing of the scale and
reduces the geometrical rigidity of the scale to enhance the longitudinal actuation. For pine
cone scale, the transition between various shape is rather slow. Indeed, fast bifurcation named
as snap through effect is often used in plant kingdom to overcome the only diffusive based
actuation. This is the case of carnivorous plants that use mechanical instability i.e. fast change
of curvature to fasten their response ([133], [134], [136], [256]). Bistable mechanisms are also
used by animals. For example, the specific displacement of crabs reveals a complex physical
synergy at its leg level. Made of five different parts, the crab leg overcomes successive
mechanical loads induced by motion. The shape-changing curvature of the legs allows for

consistent forward and backward motility [257].

Unlike these natural examples, pine cone scale has a very low velocity [148]. Instead of using
mechanical instabilities, its bifurcation mechanism is built on a slow continuous reshaping
process. The pine cone scale is made of two distinguishable layers : sclerenchyma and sclereid

layers. Among thousands of pine cone scale species, internal structure and biochemical
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composition vary and modify the responsive curvature. Sclerenchyma layer is embedded into
a brown tissue that limits the fiber expansion. It is considered as restrictive layer. In the

opposite, the sclereid fibers exhibit a 20%-length variation at saturation [258].

The attainable design space is greatly limited by the difficulty to locally tailor the pre-strain
field and material anisotropy due to the inherent orthotropic nature of the conventional
manufacturing techniques employing fiber-reinforced composites or mechanical pre-straining.
This strongly limits their applicability to systems with simple shapes and geometries. More
complex designs thus require enhanced control particularly for obtaining locally tailored strain

fields with large anisotropy gradients.

4D-printing represents a disruptive approach to manufacture complex novel smart materials
with morphological predetermined response. This is an incredible opportunity for natural fiber
biocomposite to be developed in the same time scales as synthetic counterparts [87]. Correa et
al. [255] have proposed a programmable 4D-printed Hygromorph Biocomposites exhibiting a
dual curvature response to moisture variation. Their methodology was based on trial-and-error
approach to find the architecture, i.e. printing trajectory and material distribution that would
enable a temporally delayed double curvature. Gladman et al. [259] and VVan Manen et al. [119]
proposed similar investigations on cellulose/hydrogel and pure PLA polymer. Even if the
bifurcation term is not used in these works, the reshaping mechanism is similar although not
strictly investigated. Moreover, in addition to material build-up composition, the lay-up, the

geometry and aspect ratio of a bilayer geometry also affects the shape transformation ([6], [16],

[17]).

Different studies have dealt with the possible programming and mastering of the bifurcation
thanks to the combination of different bistable elements [261], the optimization of the structure

[262], the external environment [263], the orientation of fibers [115], the using of tunable
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stiffness mechanism [264] and through other biomimetic models in order to control the
bistability of composites. Some of them tackled the influence of the length to width (L/W)
aspect ratio on the bifurcation and the modes of stability encountered (horse saddle, double
cylindrical curvature) ([16], [23], [24]). However, these studies address a bistability prediction
resulting from a thermal action ([263], [265], [266]) or from an external force [267] and not

from a hygroscopic action.

The management of the bifurcation is essential to be able to program the response even if it
depends on many factors which are all interrelated [262]. Different ways of predicting the
bistability of multi-layered laminates are proposed. Through the double curved beam model
and finite element analysis ([268], [269]), we can predict its shape transformation as a result of
an external force. The semi-analytical approach of the relations of Rayleigh Ritz and Von
Karman ([23], [25], [28], [29]) allows to predict the bistable structure following environmental

action as temperature or humidity.

The aim of Chapter 4 is to target the material and 4D-printing processing parameters making
possible to control the bistability of a Hygromorph Biocomposite to program its morphing.
Different aspect ratio and thickness ratio through 4D-printed bilayer samples are tested on a
wide range of humidity to point out the best geometrical configuration and analyze the
bifurcation behavior. Besides, bifurcation and the subsequent actuation performance gain are
discussed in term of passive layer stiffness thank to various processing parameters (e.g.
interfilament distance, material selection). Finally, a prototype approach is realized to
reproduce the complex motion of pine cone scale by design control in order to upgrade the

actuation potential of 4D-printed HBC.
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II. Results
II. 1. Conceptualization of pine cone architecture and geometry

Pine cone scale relies on a combination of structural features and biochemical components that
promotes its deployment under water uptake [146]. While sclereid fibers appear as elongated
cells, sclerenchymous fibers are made of embedded small cells [272]. Besides, the water
sensitivity of both layers also exhibits interesting differences with a 27%-thicker and 22%-
longer sclereid layer after reaching saturation state. In the opposite, dimensions of
sclerenchyma layer are almost unmodified (3%-thinner and 1%-longer at saturation state
compared to dry state). Based on this difference of water-induced expansion of the scale
tissues, the sclereid layer can be considered as the active layer while sclerenchyma layer acts

as the restrictive layer (Figure 88).

Focusing on the mesostructure of the scale (Figure 88), the sclereid layer exhibits a thick area
close to the rachis (t = 0.7mm) and then exponentially decreases approaching the apophysis (t
= 0.15 mm). The sclerenchyma layer remains almost constant along the length (t = [0.2-0.3]
mm). Therefore, the passive-to-active thickness ratio that controls the longitudinal curvature
actuation according to the bimetallic theory of Timoschenko (Equation 1) exhibits an
exponential decay along the scale length (Figure 89a). tp/ta evidences an optimum curvature

close to the rachis as it is observed elsewhere [62].

Along the width (Y direction), tp/ta ratio is also changing and is here responsible of the
transverse actuation responsiveness and reactivity. Along Y, the sclerenchyma strands appear
also to have constant thickness while the sclereid layer evidences a parabolic trend. Hence,
tp/ta also evidences a parabolic evolution with value tending to infinite value on the edge and
0.3 close to the center (Figure 89b). Following Timoschenko’s equations, a curvature

distribution is expected with maximal value on the center which geometrically constrains the
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synclastic behavior of the curvature. Although this parameter evolves through the length and

width of the scale [146], thickness ratio in pine cone scale is around 0.5 [273].

Another dimensional variation is the aspect ratio of the scale, i.e. its length/width (L/W) ratio.
Although this ratio has been estimated at 5/3 for pine cone scale [254], a gradient of aspect
ratio may be more suitable considering the non-rectangular shape of the scale. Therefore, the
scale can be represented as a polygonal association whose the different aspect ratios promote
the double curvature mechanism (Figure 88). For example, the higher width at the apophysis,
i.e. apical area, generates a transverse curvature Ky while the thin width at the rachis, i.e. also

called hinge area [273] or basal area [255], promotes the longitudinal curvature Kx [255].

Then, the distance between sclerenchyma fibers is also an observable architectural feature
exhibiting an evolution through the length of the scale [146]. Made of thick lignified cell walls,
the sclerenchyma fibers are very stiff and contribute to the hardness of the scale [274]. The
increase of the distance between sclerenchyma fibers [146] along the length of the scale might
ensure the mechanical coupling of the rachis and apophysis parts (Figure 88). However, this

point requires further biological surveys.

To carry out this investigation, the geometry and mesostructure of pine cone scale are
abstracted into sliceable building blocks such as aspect ratio (Length/Width) R, passive-to-
active thickness ratio m and interfilament distance ID respectively. Since interfilament distance
dictates the passive-to-active stiffness ratio n, only the interfilament distance in passive layer
(IDp) was investigated. Both parameters were individually analyzed by fixing the two others.
The preset values are the following ones: R = 3.2, m = 0.7 and IDp = 0.6 mm. Investigation on
aspect ratio was conducted by keeping a fixed length (L = 8 cm) while changing the width (w
= [2.5; 4; 8] cm) to finally obtain three aspect ratios of 3.2, 2 and 1. By programming Layer
Height printing parameter, the passive-to-active thickness ratio fluctuates from 0.5, 0.8, 1, 1.7
to 2 [87]. Then, by modifying interfilament distance in the gcode, specimens with various IDp
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were built (IDp = [0.6, 1.5, 3, 6] mm). Inter-filament distance in active layer (IDa) was fixed
at 0.6 mm all along the investigation. 3D-printing process and aforementioned tested

parameters are mapped in Figure 90.
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Figure 88: Discretization of the architecture of the scale in four sliceable blocks. Rachis and apophysis are also defined as
basal and apical parts.
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Figure 89: Distribution of passive-to-active thickness ratio through (a) longitudinal and (b) transverse section of Pinus
wallichiana scales. Green layer represents the passive sclerenchyma layer while the blue layer symbolizes the active sclereid

layer. Graphics are based on the data of Eger et al. [146]
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Figure 90: (a) 3D-printing process of cFF/PLA bilayers and (b) the three investigated architectural features : aspect, thickness
and stiffness ratios. Green layer represents the passive layer (0° orientation) while the blue layer represents the active layer

(90° orientation).
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IT. 2. Influence of the length to width (L/W) aspect ratio of HBC

Figure 91 gives the evolution of the longitudinal (Kx) and transverse (Ky) 4D-printed cFF/PLA
HBC caused by water sorption for different length to width ratios. Starting from positive
curvature values at dry state (RH = 0%), an initial increase of Kx could arise from the residual
stresses generated by 3D-printing process. The HBCs flatten out around AC ~ 5% which
corresponds to the free stress state where residual and internal stresses are equals. This confirms
a previous work dedicated to cycling behavior of HBC [65]. The effect of aspect ratio is clear.
The slender the beam the higher the change of curvature. The beam-like bilayer (R = 3.2)
produces a change of longitudinal curvature sign while the squared bilayer (R = 1) ends up in
a flat shape (Figure 92). This difference reflects the higher differential swelling for a beam-like
structure of which orthotropic expansion is promoted and leads to the inversion of the
longitudinal curvature. On the opposite, neither active or passive layers are identifiable in a
square-like bilayer. It results in an antagonist swelling that geometrically restricts the actuation
potential. In parallel, increasing the width to thickness ratio makes the swelling more
orthotropic, promoting the out-of-plane expansion [56]. In this test, increasing the aspect ratio
promotes the transverse expansion of the active layer, resulting in a higher longitudinal
expansion.
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Figure 91: Evolutions of longitudinal (Kx) and transverse (Ky) curvatures of 4D-printed cFF/PLA biocomposites as a
function of moisture content for various aspect ratios. (m = 0.7, IDp = 0.6 mm)
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Figure 92: Gaussian curvature zas a function of moisture content for cFF/PLA bilayers with different aspect ratios.
Depending on the KxKy product, both synclastic, cylindric and anticlastic shapes are illustrated. (m = 0.7, IDp = 0.6 mm)

Arising from the product of curvatures (KxKy), Figure 92 exhibits a variation in the Gaussian
curvature as a function of water sorption. The beam-like bilayer (R = 3.2) went from a cylindric
shape transformation, to a synclastic shape and finishing with an anticlastic shape. For lower
aspect ratio, the bilayer does not exhibit any change of Gaussian curvature sign. Gigliotti et al.
[260] already pointed out this relation on synthetic composite material subjected to thermal
gradient. They informed that increasing aspect ratio drives the bifurcation mechanism by losing
the geometric symmetry. It induces an anticlastic curvature along the length. Besides, it is
important to mention the synclastic shape occurring for each aspect ratio for a moisture content
around 2%. This observation emphasizes the actuation of the transverse curvature Ky (Figure
91b) before the change of sign of the longitudinal curvature Kx (Figure 91a). This shows
similarities with actuation mechanism of pine cone scale, where transverse actuation outstrips

the longitudinal curvature [255].

The moisture content at bifurcation AC* is an important parameter to follow as it establishes a
link between the overall hygroscopic stress induced by water sorption, the bifurcation and the

aspect ratio. A slightly higher AC* is required to reach bifurcation for squared bilayers (AC*
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= 2.2 +0.2%) compared to rectangular bilayers as it is hypothesized that higher actuation force
is required to overcome the constraining effect of the passive layer. In rectangular bilayers (R
= 3.2), the hygroscopic internal stress is lower and less strain energy is required to perform the
bifurcation (AC* = 1.7 + 0.1%). Moreover, due to the orthotropic water diffusion through
biocomposites, modifying the aspect ratio should affect the diffusion kinetics and strain
distribution over transitional swelling [275]. On the other hand, the curvature at bifurcation K*
does not significantly fluctuate between specimens. Therefore, the aspect ratio enables to tailor
the physical configuration (synclastic, cylinder or anticlastic shapes) of cFF/PLA bilayer while

keeping the curvature at bifurcation K* unchanged.

Applied to pine cone scale, the aspect ratio decreases along the length, as the width significantly
increases from the rachis to the apophysis (Figure 88). Thus, the transverse curvature should
be fostered in the apophysis area to ensure scale closure and seed protection. At the rachis, the
trend is opposite. Relying on a high aspect ratio, the longitudinal curvature would be
exacerbated while the transverse curvature would remain unsignificant. Besides, the high
aspect ratio could change the sign of longitudinal curvature to facilitate the seed release in dry
environment.
II. 3. Cross-sectional distribution of tissue : Influence of the passive-
to-active thickness ratio
The second investigated structural parameter is the passive-to-active thickness ratio m, defined
as thickness ratio here, as referred in Timoshenko’s equation [60]. Figure 93 displays the
curvature in longitudinal and transverse directions of cFF/PLA bilayers for various thickness

ratios.
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Figure 93: (a) Longitudinal and (b) transverse curvature of cFF/PLA bilayers as a function of water content for various
passive-to-active thickness ratios (R = 3.2, IDp = 0.6mm)

Regarding Figure 93a, various actuation behaviors along the longitudinal direction are
observed. A high thickness ratio (m = 2) evidences a dominant contribution of the passive layer
in the longitudinal bilayer direction and thus almost a constant zero-curvature along this axis.
Conversely, a higher transverse curvature is observed (Figure 93b) since role of layers are
reversed. The opposite trend is logically observed for low thickness ratio (m = 0.5). Several
results are proposed in the accessible literature dedicated to thermal stresses calculation within
composite laminates [260]. For example, for square composite plates, the reduction of the

[0/90°] thickness ratio makes the curvature of one side negligible.

As shown in Figure 94, Gaussian curvatures are not impacted by thickness ratio while
increasing the moisture content. As this part of the study was performed with slender HBC (R
= 3.2), changing the thickness ratio will essentially change the main contributing layer. In each
extreme cases (m = 0.5 and m = 2), Kx and Ky annihilates each other one until bifurcation
occurs. It results in a major presence of anticlastic shape except at bifurcation point where
cylindric shapes prevail.

Applied to pine cone scale, the gradient of thickness ratio along the length and width (Figure
94) induces an in-plane distribution of elastic strains, triggering the double curvature

mechanism.
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Figure 94: (a) Transitional shapes of cFF/PLA bilayers as relative humidity increases (m=0.5, R=3.2). (b) Gaussian
curvature as a function of moisture content for cFF/PLA bilayers with different thickness ratio (R = 3.2, IDp = 0.6 mm).
Table 11 illustrates a strong dependance of the moisture content AC* and the curvature K* at
bifurcation with the thickness ratio for slender beams (R = 3.2). In biocomposites, moisture
sorption is promoted by hydrophilic behavior of natural fibers ([26], [276], [277]). Since

exchange surface between water molecules and flax fibers is unchanged between specimens,

variations related to critical parameters are linked to bilayer mesostructure.

Regarding the moisture content at bifurcation AC*, low values (AC* ~ 1.6 + 0.1%) are obtained
for extreme thickness ratios (m = 0.5 and m = 2) against higher values for balanced thickness
ratio (AC* = 2.0 £ 0.1% for m = 1). The cross-sectional distribution of tissues accelerates the
bifurcation mechanism by promoting the transverse expansion of the active or passive layer (m
= 0.5 or m = 2). When m = 1, the hygroscopic contributions of active and passive layer are

closer, increasing the strain energy to reach bifurcation.

Then, by changing the cross-sectional distribution of tissues, a predominant expansion is
attributed to the active or passive layer, affecting the resulting K*. For example, low passive-
to-active thickness ratio highlights a dominant active layer and a greater longitudinal curvature

KX.
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Table 11: Critical parameters of cFF/PLA specimens for several thickness ratio

m K* (m-1) AC* (%)
05 27+09 16+0.1
1 1.0£0.2 20£0.1
2 0 1701

IT. 4. Influence of passive-to-active stiffness ratio in the bifurcation

behavior
Passive-to-active layer stiffness ratio of the HBC, referred as stiffness ratio here, affects the
actuation mechanism according to Timoshenko’s equation [60]. Stiffness of the passive layer
is given by 0° longitudinally oriented flax/PLA materials while active counterparts is brought
by 90° transversally oriented. Optimal values are expected as the curvature starts decreasing
when HBC behave like a beam-like behavior rather than a bilayer [225]. Two strategies can be
conceptualized through 4D-printing to bring deeper insights on the impact of stiffness ratio on
the double-curvature mechanism. Firstly, slicing parameter such as the interfilament distance
of the passive layer (IDp) is used to adjust its restrictive effect on actuation and be potentially
modified along the HBC X-Y plane. Then, change in the material formulation used for the

HBC production is employed to modify the stiffness ratio between active and passive layers.

I1.4.a. In-plane distribution of tissue : Influence of the Interfilament
Distance in the passive layer (IDp)

Thanks to the design range proposed by 4D-printing, the layer stiffness can be tuned by setting
the printing path. The first strategy consists in increasing the interfilament distance of the
passive layer (IDp) from 0.6 to 6 mm to modify its amplitude of hygroexpansion as well as the
composite layer stiffness. It has been established that the in-plane stiffness is directly linked
with the composite surface ratio [278]. Figure 95 displays the longitudinal and transverse
curvature of HBC as water sorption increases. Kx starts from slight positive values and

monotonically decreases towards negative values. Increasing IDp generates a reduction of the
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stiffness and the restriction effect on the 90° oriented active layer so that Kx curvature change
increases [225]. Ky is also modified with IDp but on a lower extent and again contrary results.
Indeed, the role of IDp is changing to and become IDa due to the HBC anisotropy. Thus,
generating an in-plane distribution of 1D is beneficial for localizing the actuation, which mostly
relies on the differential of hygroexpansion (1% order parameter) rather than using the
restrictive effect induced by the stiffness ratio (2" order parameter) according to Timoshenko’s

equation (Equation 1).
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Figure 95: (a) Longitudinal and (b) transverse curvature of cFF/PLA bilayers as a function of water content for various
interfilament distance within the passive layer. (R=3.2, m=0.7)

IT.4.b. Impact of the selected material
Biocomposite formulation is another option to control stiffness ratio. Relying on the inherent
mechanical properties of the selected materials, it is possible to optimize the contributions of
passive and active layers in the actuation process. For conducting this investigation, 4D-printed
cFF/PLA and cFF/PBS specimens, with aspect and thickness ratio of 2 and 0.7 respectively,
were tested. The stiffness ratio of cFF/PBS and cFF/PLA in dry state is given in Table 12 [279].
This ratio is 9-time lower when flax fiber is surrounded by a rigid PLA matrix (E = 3.1 GPa)
instead of a soft PBS matrix (E = 0.7 GPa). A slight difference is observed in the evolution of
Kx and Ky curvature as functions of moisture content (Figure 96). At dry state, curvature

amplitude of cFF/PBS started at higher values in the longitudinal side compared to cFF/PLA
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prints. This difference may result from a lower constraining effect on flax expansion and thus

larger biocomposite expansion [279]. This observation is also made for different aspect ratios

(R=1andR=3.2).

Table 12: Stiffness ratio of cFF/PLA and cFF/PBS biocomposites in dry (taken from [28]). n represents the passive (E11) to
active (E22) stiffness ratio.

Kx‘Ky (m'1 )

25

20 +

15 4

E11 (MPa) E2 (MPa) n (Ell/EZZ) AEhyd,y (%)
CFF/PLA | 15799 + 2154 2476 £ 470 6.4+21 15+0.3
cFF/PBS | 11175 + 1250 196 + 27 570+142 | 3.0+x03

_ii“ + ot o 4

= cFF/PLA = cFF/PBS
(a) B Kx, sorption B Kx, sorption
@ Ky, sorption @® Ky, sorption
O Kx, desorption I;] Kx, desorpt!on
) Ky, desorption © Ky, desorption

+

AC (%) AC (%)

Figure 96: Evolution of longitudinal (Kx) and transverse (Ky) curvature of 4D-printed (a) cFF/PLA and (b) cFF/PBS
biocomposites. (R =2, m = 0.7, IDp = 0.6mm)

Though having a different stiffness ratio and swelling ratio, the cFF/PLA bilayer evidences a

curvature bifurcation at a moisture content of 2.2% compared to 4.0% for cFF/PBS. Indeed,

cFF/PBS HBC generates lower hygroscopic internal stresses and slows down the bifurcation

mechanism [279]. However, other parameters such as water-sensitivity, plasticization and

crystallinity of polymers should also be considered.

Another interesting aspect of optimizing the formulation of 4D-printed HBC relies in the

reversibility of actuation. Indeed, both Kx and Ky curvatures of cFF/PBS bilayers recover

almost entirely their initial values (Figure 96b) unlike cFF/PLA bilayers which do not exhibit

reversibility of the bifurcation mechanism (Figure 96a). Embedding flax fibers with soft matrix

170

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



such as PBS leads to a reduction of internal stresses and a better process reversibility. This
approach strengthens the possibility given by 4D-printed prototypes to mimic shape-changing
behavior of pine cone scale. However, it must be mentioned that reversibility of pine cone scale
does not only rely on a significant mismatch in hygroscopic and mechanical properties of
sclereid and sclerenchyma layers [145] but also on the presence of porous channels called resin
ducts. The reduction of internal stresses enabled by this porous area increases the interfacial
toughness and thus strengthens the reversibility of the bending actuation in pine cone scales

[151] although having no impact on expansion mechanisms [147].

ITI. Reshaping 4D-printed HBC with dual actuation

Reproducing the complex dual stage curvature of pine cone scale requires a control of the local
hygroscopic anisotropies through the scale to generate both longitudinal and transverse
curvatures. The nastic behavior of Bhutan pine scale is marked by a bifurcation phenomenon
from dry to humid conditions. The desiccation-stage, i.e. opening stage of the scale, shows a
decrease in transverse curvature (Ky), flattening the scale in its length. In other words, the
longitudinal curvature (Kx) of the scale is controlled by the evolution of transverse curvatures

through the scale’s length.

As explained by Correa et al. [255], primary Ky is generated by the apical flaps, i.e. edges of
the scale. Then, Kx is strictly initiated at the basal part of the scale. To discretize and mimic
this complex dual stage motion, several decisions were taken regarding slicing parameters, i.e.
governing architectural features, of the cFF/PLA 4D-printed scales (Figure 97). Three
prototypes have been designed to reproduce dual curvature mechanisms. The only impact of
the stiffness ratio is investigated in this part. Thickness and aspect ratios are kept constant for
both 4D-printed scale prototypes. At first, a gradient of IDp along the length (from 0.6 to 6

mm) was tested on Prototype A. Then, a gradient of IDp combined with an increase of IDa
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(IDa = 1.5 mm) compared to Prototype A (IDa = 0.6mm) was programmed to enhance the
transverse curvature and reduce the curvature potential in the longitudinal direction (Prototype
B). Finally, a gradient of IDp from the sides (IDp = 0.6 mm) to the center (IDp = 3 mm) was
investigated to accentuate the transverse curvature. Besides, in order to promote Kx in the basal
area, a gradual increase of IDa was set from the rachis (IDa = 0.6 mm) to the apophysis (IDp

=6 mm) (Prototype C). These three prototypes are illustrated by Figure 97a.

Figure 97b displays the opening mechanism of each prototype from dry conditions (RH = 0%)
to immersion state. Prototype A is the most representative of the biological structure of pine
cone scale [146]. However, the strong fiber density in its active layers combined with a low
distribution on the passive layer (Figure 97a) exacerbates the longitudinal curvature and

prevents the apparition of the transverse curvature.

Then, Prototype B tends to limit longitudinal curvature by increasing IDa (IDa = 1.5 mm) and
decreasing IDp (from 0.6 mm at the basal area to 3 mm at the apical area). However, this
printing strategy is not successful either to observe the double curvature mechanism. Although
having a lower amplitude compared to Prototype A, the longitudinal curvature still dominates
the shape-changing mechanism due to the favorable evolution of aspect ratio. The transverse
curvature is not apparent at the apex area but can be observed at the base area due to the high
density of fibers in the passive layer. However, it does not fit with the transverse curvature of

the pine cone scale at its apophysis.

Finally, the double curvature mechanism was reached by Prototype C, where a gradient of IDa
and IDp through the length and width allowed both longitudinal curvature at the base area and
transverse curvatures at the apical parts (Figure 97b). However, the generated double curvature

mechanism remains very localized and not distributed within the entire scale. More thoughts
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Figure 97: (a) 4D-printed pine cone scale and the filament distribution inside active and passive layers. (b) Actuation
mechanisms of the 4D-printed scales from 0%-RH to total immersion.

IV. Conclusion

Widely observed in nature, the bifurcation behavior ensures precious functions to biological
models (e.g. pine cone scale, Venus flytrap). Pine cone exhibits a slow double-curvature
mechanism of its scale to promote efficient seed dispersal and full protection against bad
weather. This natural phenomenon relies on a specific configuration of the scale using various

architectural features (e.g. aspect ratio, thickness ratio, stiffness ratio).

Thanks to 4D-printing, the development of water-induced shape-changing biocomposites,
called Hygromorph Biocomposites (HBC), creates new energy-efficiency arising from

biomimetic approaches. In Chapter 4, an exploration is realized on the impact of several

174

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



architectural features on the bifurcation behavior of 4D-printed continuous flax fiber/PLA
biocomposites. Controlling both aspect, thickness and stiffness ratio of 4D-printed
biocomposites leads to a control of the double-curvature mechanisms and allow for reaching
more complex meteorosensitive architectures for a wider range of applications. By controlling
the slicing parameters, a representative 4D-printed scale prototype is proposed. However,
further thoughts must be given to widen the range of 4D-printed HBC able to double curve in

a controlled time lapse.
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Chapter 5 : Technical limitations of 3D-printing in the

deployment of continuous natural-fiber HBC
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I. Introduction

3D-printing of biocomposites is a subset of 3D-printed composites that aims to limit the use
of non-renewable resources in order to reduce its ecological footprint [87]. The production of
continuous natural fiber reinforced filaments for 3D-printing has significantly improved the
mechanical performance of composites compared to those reinforced with short fibers [79]; in
addition to expanding the possibilities for shape-changing materials such as Hygromorph
BioComposites (HBC) [225].

3D-printing represents a “material by design” approach in the manufacturing process with the
highest degree of freedom as it enables the possibility to tailor the mesostructure, i.e the
structure at the ply scale. This direct manipulation of the micro and meso-scale architecture of
the material composition has been demonstrated to have a direct effect on the corresponding
performance characteristics at multiple levels ([280]-[282]). By designing the optimal material
organization through the deposition process, the structures are developed with the desired
amount of material and the intended direction dependent properties that are needed for the
targeted application; following a similar model to that encountered in a biological structures
([120], [154], [283]-[285]).

Although 3D-printing is almost exclusively applied to polymeric materials, there has been an
increasing amount of research into expanding the possibilities of cellular parts with short and
continuous fibers composites ([76], [286]-[288]). Matsuzaki et al. [288] evidenced the
difference between programmed and 3D-printed round-like structures for continuous carbon
reinforced PolyAmide (cCF/PA) composites. By modifying the radius of the circles, they
observed that the printed radius was always smaller than the programmed radius, which could
be due to the twisting motion of the yarns during printing. Their numerical model evidenced
that the stiffness of the filament due to the fiber content and the quadratic moment (diameter)

were the key factors in producing high fidelity printed cCF/PA composites parts.
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Chapter 5 emphasizes the geometric limitations of 3D-printing continuous flax fiber/PLA
biocomposites (CFF/PLA) as it represents a crucial point to widen the field of printability of
sustainable structures and their range of applications in the future. Geometric limitations
incorporate both limit printed angle and limit printed diameter of out-of-plane tubular and
pentagonal architectures. By assessing the difference between programmed and real
trajectories, it aims to boost the deployment of continuous flax fiber reinforced biocomposites
(cFF/PLA) with complex 3D-printed structures. A comparison with pure polylactic acid (PLA)
and short flax fiber polylactic acid (sFF/PLA) 3D-printed parts is presented. Finally, a

discussion on future parameters to improve printing fidelity is initiated.
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II. Results

The results shown in Figure 98 illustrate the noticeable difference between the programmed
and experimental shapes made with cFF/PLA, pure PLA and sFF/PLA. The influence of the
set diameter to build tubular pieces is a particular concern. With a diameter between 20 to 30
mm, the orinting fidelity for cFF/PLA is at its maximum, between 70 and 80% of the
programmed area (Figure 99a). However, these values are lower than those obtained with pure
PLA and sFF/PLA biocomposites, for which a fidelity of over 90% has been calculated.
Furthermore, whatever the printed filament, none of the final structures reach a 100% fidelity
because of polymer flow occurring along the process (Figure 98). Reducing the print diameter
of the cellular pattern generates some issues (low bed adhesion, distortion angle) for cFF/PLA,
to ensure proper filament deposition. The design of a cellular material (e.g. for the sandwich
core) with cFF/PLA biocomposite may be limited to an internal diameter of 15 mm whereas
the geometric limitations (i.e. minimum printable diameter) is lower for pure PLA and
SFF/PLA (about 5 mm with a similar fidelity range) for the set slicing and printing parameters.
Similar tests were done with cCF/PA which exhibited a minimum achievable diameter of 8

mm by optimizing the filament size [288].
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Figure 98: Parameters considered to quantify set and measured printed area for both circular and polygonal sections. The red
hatched area represents the polymer flow along printing while the dark area defines the theoretical area depending on the
printed pattern. The dotted and blue lines delimit the printing path followed by the nozzle and the experimental area depending
on the printed pattern.
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Figure 99: (a) Circular shape and (b) star/octagonal shape of continuous flax fiber/PLA biocomposites. Comparison between
theoretical and experimental area as a function of the set (c) diameter and (d) angle of PLA polymer, short flax fiber/PLA and
continuous flax fiber/PLA lattice-structured biocomposites.

When the programmed diameter is less than 15 mm, the area could not be experimentally
quantified correctly. The images indicate that the position of the deposited filament has
significantly deviated from the initial circular position, instructed by the print path, towards the
central area of the shape. This deviation is likely the result of the short time dedicated to
solidifying the matrix on the previous layer, which is further exacerbated by an increase in
tangential stresses with respect to the bonded area. This tangential stress results from the
direction of movement of the nozzle in relation to the print path. Another reason for this
deviation on the material deposition may be the result of a mismatch between the filament
diameter (d = 0.4 — 0.6 mm) and the nozzle diameter (0.9 mm). The dimensional discrepancy
between the nozzle and the filament has been technically needed in order to reduce filament
damage during printing. A smaller nozzle has already been tested, but it tends to cause either
clogging or filament breakage due to the increased shear stress.

A similar strategy is already used in a commercial printer with continuous carbon fiber
composites [250] where the nozzle diameter is 1 mm with a filament diameter of about 0.35
mm. This difference increases the degree of freedom of the filament during deposition, which

affects the control of the final cylinder shape.
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In considering the influence of the programmed angle, it is essential to note that the length
between the angles (L) was kept constant for this test to ensure a similar “length of adhesion”
before applying the change in nozzle direction. Figure 99d shows that the relatively high
printing fidelity (around 90%) of cFF/PLA is observed at around 60°, which is very similar to
pure PLA and sFF/PLA biocomposites. It is also important to notice that there is a large
difference in material stiffness (E11pLa= 3.1 + 0.3 GPa, E1lcrrra = 15.8 £ 2.1 GPa) ([225],
[279]) but a similar range of printed filaments and quadratic moments that influence geometric

bending stiffness.

Below o =60°, a large discrepancy between the programmed and experimental data is observed
due to the lack of adhesion with the printing bed or between the layers. Lower angles induce
more radical changes in the direction and position in which the filament is deposited, which
can generate greater in-plane tangential stress. Indeed, depending on their relative position
within the bundle, the elementary flax fibers can be subjected to damage by buckling due to
compressive stress. Flax fiber and all natural fibers are known to be prone to buckling failure
due to their internal microstructure [289]. Similar observations have been made on cCF/PA

parts ([250], [290]).

ITI. Conclusion

In line with the ongoing development of 3D-printed biocomposites reinforced with continuous
natural fibers, a first insight into the design space of cellular pattern has been proposed.
Although custom designs are easily programmable, certain limiting parameters, such as
cylinder diameter and printed angle, restrict full control of the printing process. It is interesting
to note that patterns with non-acute angles can be achieved in a similar way between cFF/PLA,

pure PLA and sFF/PLA and should therefore be preferred to circular pattern design.
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The observed variations between the programmed and experimental observations are assumed
to be mainly due to:
« Relatively high in-plane stiffness of cFF/PLA due to biocomposite composition (fiber
type and content)
o Twisted structure of flax yarns that may imply damage and reduce the strain
accommodation of single fibers within the filament flexibility during printing.
o The uneven stress loading of the elementary fibers within the yarn that promotes the
buckling of the fibers at acute angle.
o Limitations of interlayer bonding that result from the above-mentioned fibers
characteristics but also due to the dimensional tolerances needed in the nozzle selection

where the nozzle size is much larger than the fibers.

It is important to keep in mind that these results were obtained for specific printing and slicing
parameters of which an adjustment might modify the printing quality. Further developments
should be done to promote greater fidelity of cFF/PLA biocomposites but limiting the reduction
in intrinsic material stiffness that is required for semi-structural application. Thus, the
production of smaller diameter (< 0.5 mm) cFF/PLA filaments may be relevant, especially if
rovings are used instead of twisted yarns. Roving will help the single fiber to conform during
printing. In combination, the nozzle diameter should be as close as possible to the filament
diameter. The temperature-printing speed coupling could also be adjusted as it governs
viscoelastic properties of the matrix and adhesion process in order to optimize matrix
deposition and reduce structural flaws. Finally, geometric limitations can also be overcome by
incorporating an offset factor during programing/design that can account for such deviations.
This offset could be similar to factors used to accommodate for polymer shrinkage that results

in warpage issues for certain materials. Thus, taking the fidelity ratio into account during
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programing can expand the design space for cFF/PLA 3D-printed biocomposites with cellular

patterns.
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Chapter 6 : How bioinspired designs speed up the

actuation of HBC ?
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I. Introduction

Sorption mechanism of biocomposites follows two strategies [59]. Chemically, hydrophilic
biopolymers (hemicellulose, pectin) present in the middle lamellae and surrounding the fiber
cell-walls interact with water molecules by forming hydrogen bonds ([291], [292]). Physically,
free water might also remain within cavities (lumen, porosities) by capillary forces [35]. Since
natural fibers are surrounded by a hydrophobic matrix, the water uptake process is slowed down
([56], [225], [279]). Thus, their reactivity, i.e. kinetic of actuation, is relatively slow and is
currently limited by the moisture transport within the natural fiber-reinforced composites.
Water transport can be affected by the porosity content and distribution within the material
[149]. In the engineering field of 3D-printed polymeric composite materials, porosities are
currently assumed to be inherent defects because of their detrimental effect on the mechanical
properties [293]. These porosities occurred either in the interfilament or in the interlaminar area
and are implied by a lack of pressure during processing ([75], [294]). However, the presence
of voids is not always categorized as a flaw. For example, the porous structure of plants
promotes and controls the supply of nutrients and water transport through plant tissues. This

step is essential to plant metabolism and survival ([123]).

Chapter 6 proposes a new concept of 4D-printed HBCs where the water transport and
actuation are controlled by tailored channel architectures. In this chapter, channels are defined
as intentionally designed cavities predetermined by the toolpath design. These designs involve
intentional changes in the spacing between print path lines across the co-planar raster pattern
of a layer or through the combined effect of such intentional print path spacing across multiple
vertical layers. Thus, the printed mesostructured will be inspired by those biological
mesostructured where porosities or voids provide essential functions (lightness, inertia,
moisture transport and actuation). First, an investigation of solely the active layer of the

subsequent 4D-printed wood fiber-reinforced biocomposites printed HBC bilayers is done. No
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bending actuation is expected, and the purpose is to bring deeper insights on the relationship
between channel content (from 0% to 10%), size (from 0.5 to 3 mm), distribution patterns
across the samples and moisture ingress, hygroscopic expansion, and finally hydromechanical
properties. Then, these functional channels will be implemented in the mesostructure of 4D-
printed HBC bilayers and morphing potential will be analyzed in terms of reactivity and
responsiveness. Finally, the design of an HBC with sequential response capability, thanks to

localized channels, is tackled and similarities with scale functionality are disclosed.
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II. Results

II.1. Concept

Most plants require a continuous supply of water and dissolved substances to survive. The
importance of conducting elements in supplying water of various natural systems was pointed
out, as in the case of the channel-like structure of the tracheids in plant stems ([295]-[297]).
The variation of tracheid sections within the wood mesostructure was also discussed by
Krabbenhoft et al. [297], showing that it affects the fluid ascent. In the pine cone scale (Figure
100), the size of channels or vascular bundles is distributed heterogeneously between the
different tissues. The sclerenchyma layer acts as a mechanical reinforcement and displays
vascular bundles with narrow channel and a high filling factor. Besides, the sclereid layer has
a denser architecture and consists of individual cells, which form a cell size gradient between
the region close to sclerenchyma tissue and the dorsal side of the scale [151]. This structural
gradient within the pine cone scale has been proposed recently to prevent critical stress
concentration between the different layers so that reversibility of the passive-hydraulic

actuation mechanism is guaranteed.

Schlerenchyma strands [z

!

Promote water transport [
and morphing St = ‘ ‘ 2.5 mm
200 um Section of pine cone scale

Figure 100: Transverse section of a pine cone scale exhibiting a void-induced mesostructured.

We hypothesize that it is possible to create programmed printing paths to generate 3D-active
layers of different typologies, composed of short natural fiber biocomposites with variable
channel content and distribution, inspired by pine cone scale mesostructure. A dedicated design
of the active layer is then transferred in two steps towards 4D-printing of HBCs to enhance

their morphing properties. First, simple HBCs with active layers upgraded in terms of size,
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content and channel distribution will be produced. Then, the meso-scale architecture of the
active layer will be functionally designed with a distribution of channel size and content across

the section in order to provide a tailored spatio-temporal actuation.

I1.2. Investigation of the active layer scale
II.2.a. Mesostructure qualification
Here again, we consider the channels to be intentional architectural features designed to

improve the functional characteristics of the system. This is different from unwanted
microscopic porosities, which are common defects induced by the printing process (Figure
101). Channel content in the active layer was set from 0% to 7.5% (Figure 102a) based on the
geometric assumptions of material comparison and their printability. Although 3D-printed
biocomposites are far from being model materials, the porosity content (calculated by image
analysis) is very low (Table 13). Values above 7.5% were considered outside the scope of this
study for a number of reasons, including 1) maintaining effective mechanical resistance, and

2) facilitating trajectory programming.

.

Figure 101: Macro- and microporosities inside the active layer of 4D-printed HBC illustrating a channel cross-section (blue
arrow) and pores (red arrows).

Ilustrated in Figure 102b, channel diameter (dc) ranges from 0.5 mm to 3 mm, which was
achieved by tailoring the slicing parameters (Layer Height, Interfilament Distance and Filling
Ratio). Finer diameters were too complex to print because of the size of the nozzle (0.4 mm),
but also due to the rheological behavior of the biocomposite filament. In addition, we decided
to target three diameter values that have significant impact on the wicking mechanism
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according to Jurin law [298]. The results for channel (V¢), porosity content (Vp) and channel

diameter (dc) are presented in Table 13 and Figure 103.

a) Channel content (V)

V.=53% Ve=75%

Figure 102: Set printing patterns of 3D-printed biocomposites cross section displaying various (a) channel content (V¢) and
(b) diameter (dc).

Channel distribution is controlled by keeping a similar channel volume content while varying
the size of the channels. It is worth noting that the distance between the edges of the channel
and the edges of the workpiece remains constant between samples (d = 0.6 mm) to prevent any

disturbance for the analysis of the sorption behavior.

Table 13: Mesostructural parameters (channel content V¢, porosity content VVp and channel diameter dc) of 3D-printed
biocomposite active layer including channels. These results are presented as mean + standard deviation for 5 replicates (n =
5).

Variable Ve Ve Ve Ve dc dc dc
parameters 0% 2.6% 5.3% 7.5% 3mm 1mm 0.5mm
Ve (%) 0 26+03 | 53+01 | 75+02 | 95+05 | 99+£0.3 9.7+0.6
Vp (%) 05+01| 05+01 | 05+£01 | 05+0.1 | 04+0.1 | 0401 04+0.1
dc (mm) - 10+01 | 10+01 | 10£01 | 3.0+0.2 | 1.0+x01 05 £0.1
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0,0 0,2 0,4 0,6
v, (%)

Figure 103: Triangle diagram of the mesostructural parameters (channel content \/c, porosity content Vp and channel diameter
dc) of 3D-printed biocomposite active layer including channels. These results are presented as mean + standard deviation for
5 replicates (n = 5).

II1.2.b. Water sorption and transport during immersion
3D-printed biocomposites (the active layer of HBCs) with variable mesostructures were
immersed in water. Figure 104 exhibits their water sorption behavior when varying their
channel content (from 0% to 7.5%) and channel distribution (with diameter from 0.5 to 3 mm).
The presence of channels (having similar diameter) inside biocomposites yields to a rise in
equilibrium water content (+ 34% in mass) between V. = 0% and V¢ = 7.5% (Figure 104a), as

channels act as free tanks for water molecules.

Porosities generated by the manufacturing process as well as wood internal voids (lumen) may
also contribute to water uptake but their amount (not measured here) is negligible compared to

the amounts contributed by the channels (Figure 101).

193

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



50 50
45| (@) 45| (b)
®
40 40 °® * ¢
oo © [ ¢
_ ®
35 i?i :: s 35 o® § ® é ®
~ 30 vigii“ - u ~ 30 o%s ®
g sgfstmes & | §
S 2 FTHA I L . 25 )
> N FHL = ¢
< 20 N LA < 20
mi ; N =V =0%
15 Em m V =26% 15
10| s ¢ T 4P 10 e d =3mm
[ "V, =53% ® d =1mm
5 =V, =75% 5 o d_=05mm
00 5 10 15 20 25 30 35 40 45 O0 5 10 15 20 25 30 35 40 45
Immersion time (h"?) Immersion time (h'?)

Figure 104: Sorption behavior of 3DP biocomposite samples including channel features as a function of immersion time
when varying a) porosity content and b) porosity distribution. Mean + SD, n = 5.

Table 14 demonstrates that increasing channels contents from 0% to 7.5% doubles the kinetic
of sorption evaluated as the slope of the curve AM = f(immersion time) , i.e. from 4.9 to 10.4
10 1. This indicates that increasing the channel content of the active layer leads to an increase
in the exchange surface, which in turn triggers the transport of water by a capillary mechanism.
These values should be taken with caution as it is well established that when the trapped water
mechanism occurs, Fick’s assumptions are misleading. Accordingly, specific modelling like
Langmuir may be more suitable to predict the evolution of moisture content. Changing the
channel distributions and channel sizes (Figure 102) while keeping similar channel volume
contents hardly affects the kinetic of sorption. This confirms the prevailing role of the channel

content on the kinetic of moisture transport.

Table 14: Sorption parameters of 3DP biocomposites with variable channel content and channel diameter. Mean + SD, n = 5.

Ve (0/0) de (mm)
0 26 | 53 75 o5 | 1 | 3
%%') 258408 284+09 312+03 332+08 |422+13 39.1x11 346+16
(f(')\f'ﬁlgﬁ) 49+07 64+13 8318 104+21 |106+20 91*15 11225
(10_8?n2_s_1) 22+04 27+01 25+01 30%01 | 33+01 31x01 23%0.1
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I1.2.c. Hydroscopic expansion
Figure 105a and b represents the hydroscopic expansion of biocomposites, i.e. transverse
(enydy), and out-of-plane (enyqd,z) directions, as a function of immersion time for the two
investigated cases (channel content and distribution). The investigation of enyqy IS 0Of high
importance for the design of HBCs as it will contribute to the mismatch of hygroscopic
expansion between active and passive layers. Basically, the expansion in x-direction which
represents the passive layer of HBCs made with 100% biocomposite can be negligeable due to
anisotropic properties of natural fibers. However, depending on natural fiber type and
microstructure (microfibrillar angle, for instance), the swelling anisotropy of biocomposites
may be reduced which also reduces the swelling mismatch and thus the actuation potential.
Here, in the case of imperfect alignment of the short wood fibers with the direction of extrusion,
longitudinal swelling between 1.0 % and 1.3% is observed. Thus, the strategy that will be used
in the proof of concept should adopt a passive layer with a lower hygroexpansion. Resulting

amplitude and kinetic of hydroexpansion are displayed in Table 15.

The channel content slightly affects enyqy , + 0.6% from V¢ = 0% to V¢ = 7.5%, and &nyq, Of
the active layer, equal to 4.0% for both V.= 0% and V¢ = 7.5%. This result shows that
intentional mesostructures (channels) make it possible to combine moisture uptake without
degrading the expansion potential. However, when randomly distributed, porosities induce a
reduction of hydroexpansion [299]. A first proof of concept of a similar approach to designing
channels in 4D-printed bilayer structures can be found in previous work by Correa [300],
although no material characterization or detailed kinematic analysis was carried out as part of

his study.
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Figure 105: Hydroexpansion of 3D-printed biocomposites including channel features as a function of immersion time in a)
transverse and b) out-of-plane directions by varying channel content and distribution. Mean + SD, n = 5.

The kinetic of expansion (quantified by the initial slope of &,,q = f(immersion time)) is a
first order parameter for HBC design as it represents the motor of actuation. The kinetic of
expansion increases by 70% between 3D-printed biocomposites without channels (V¢ = 0%)
and those containing channels (V¢ = 7.5%), both in transversal and out-of-plane directions.
Indeed, by accelerating the diffusion of water through the structure, the presence of channels
will trigger a quicker expansion of the wood fibers. When no channels are printed, the water
only has access to the outer surfaces of the samples (through the edges), making the expansion

process longer to reach its equilibrium shape.
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Table 15: Maximal hydroexpansion and kinetic of expansion of 3DP biocomposites inducing channel features with (left)
various channel content from 0 to 7.5% and (right) various channel distribution, i.e. diameter from 0.5 to 3mm. Mean + SD, n
=5.

V¢ (mm) dc (mm)
0 26 | 53 [ 75 o5 | 1 | 3
Enydx 11+£02 1.0+£02 1.0+00 12401 | 1.3%01 1202 12%02
?1‘5%5/?; 03+01 01+01 02+01 05#01 | 07+#01 05+01 05+0.1

phydx | 0.06+001 0.02+001 0.04+001 0.05+001|0.18+0.01 0.03+0.01 0.05+0.01

€hyd,y 3.1+£0.3 3.4+£03 3.3+£03 3.7+£0.1 39+£0.1 3.8+£0.2 26+£04
dehyay/dt
(10C.s1)
phyd,y 022+0.02 023+0.01 023+001 022+0.01|0.34+001 0.30x0.02 0.14+0.01

€hyd,z 40+0.1 43+0.1 3.9+0.3 40+0.2 3.8+0.6 42+0.2 35+01
Uehya A/dt
(10651
phyd,z 0.30+£0.03 0.24+0.01 025+001 024+0.01|0.17+0.01 0.21+£0.01 0.25+0.01

1.4+0.2 1.7+0.3 1.9+0.2 24+0.2 51+10 3.7+0.7 1.5+0.4

20%0.2 1.9+0.2 24+04 3.4+0.6 23+04 25+0.3 3.0%+05

The identification of the hydroscopic expansion coefficient in the y-direction (Bhydy) from the
slope of enya = f (AM) allows to better understand the physical role of water and the influence
of the mesostructure in the active layer. As the presence of channels enhances the sorption and
expansion Kinetics in a similar manner, PBnyay appears to be similar regardless of channel
content. Phydy also decreases as channel diameter increases confirming the potential of the
channel to provide moisture uptake without compromising the hygro-expansion. A 60%-
decrease of Bryd,y between a sample with a channel diameter of 0.5 mm and one with a diameter
of 3.0 mm highlights the considerable influence of channel size and distribution on the

transverse hydroscopic coefficient.

I1.2.d. Hydromechanical properties
Figure 106a and b illustrate the longitudinal E11 and transverse E2 elastic modulus of the 3D-
printed biocomposites active layer in the wet and dry states, as a function of the content, size
and distribution of the channels. The dry longitudinal elastic properties are hardly influenced
(£ 5%) by the change of mesostructure regardless of the varying parameter (Table 16). Indeed,
the slender geometry of channels along the sample lengths implies that the reduction of the

elastic properties of the biocomposite follows an additive law (similarly to a rule of mixture).
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Channels are stated to have zero stiffness and undergo similar strain than the biocomposite

material. The channels therefore correspond to a lack of load bearing materials rather than to a

defect.
2500 2500
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Figure 106: Longitudinal and transverse modulus as a function of a) channel content and b) channel diameter at dry and wet
state. Linear regression of transverse modulus by Ashby's law [180] related to variations of c) channel content and d) channel
diameter at dry and wet state. Mean + SD, n = 5.

The transverse properties E2; are divided by almost a factor three when channels are introduced
and remain almost constant with an increase of V. or dc (Figure 106a and b). Here the slender
channels with assumed zero stiffness are loaded in serial compared to the bulk composite. It
highlights their contribution to the overall anisotropy of the printed material. Anisotropic ratio
is a key parameter for subsequent morphing on 4D-printed HBCs. Under wet conditions, a
dramatic reduction in mechanical properties is observed which is well-known for biocomposite
materials and discussed elsewhere [149]. However, increasing the content, size and distribution
of the channels does not have a negative effect on the evolution of Ei; with moisture. The
evolution of E2; with moisture is clearly affected by the channels. The higher the channel

content, the lower the transverse stiffness.
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Table 16: Tensile properties in wet and dry conditions of the 3D-printed active layer made with biocomposites regarding the
influence of (a) channel content and (b) channel diameter (n = 5).

Ve (%) dc (mm)
0 | 26 | 53 | 75 o5 | 1 [ 3
Eiay | 1795+85  1881£26 184315 1780£217 | 1831£47 188962 165525
Eiiwet | 61496 63582 56710 522+6 | 68328 478%42 53113
Exoay | 1474+149  661+57  653+68  550+85 | 682+42 430+113 57652
Exowet | 424+61 419460  221+26  199+16 | 228+33  176+2  158+9

III. Discussion

ITII.1. 4D-printed HBCs with improved performance

The modification of the active layer by a dedicated mesostructure with channels drastically

changes its hydroscopic and hydro-elastic properties. Using the following Timoshenko’s

equation [60] (previously mentioned Equation 1, Chapter 1, Section 1.4.a) allows to estimate

the effect of the active layer customization on the responsiveness :

AK =
t

with f(m,n) =

ABAM f(m,n)

6(1+m)?
3(1+m)2+(1+mn)(m? +ﬁ)

(Equation 1)

Reactivity and responsiveness are evaluated to evidence the influence of the mesostructure on

its morphing ability (Figure 107 and Table 17).
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Figure 107: Evolution of curvature of response as a function of a) channel content and b) channel distribution as a function of
immersion time. Mean + SD, n = 5.

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023

199




No change of responsiveness is observed for .cHBC due to the weak effect of channel content
over transverse Phydy. However, the reactivity almost triples from 5.0 to 13.7 10°mm-s™ when
the active layer contains channels (Table 17). Then, decreasing the channel diameter from 3
mm to 0.5 mm, the reactivity is multiplied by 5 (from 1.5 to 8.5 10°mms?) and the
responsiveness by almost 2 (from 4.0 to 7.8 10*mm™). This is due to the positive effect of
channel content, size and distribution on moisture transport and swelling kinetic of the active

phase.

Table 17: Actuation properties of 4DP biocomposites including channel features depending on (a) channel content and (b)
channel diameter. Mean + SD, n = 5.

Ve (%) de (mm)
0 26 | 53 75 o5 | 1 | 3

Responsiveness
(104 mm™)

118+10 115+13 126 +14 13004 | 78+08 74 05 4.0 +0.38

Reactivity 50+05 7.8+05 10.8+15 137+12 | 85+06 5107 15+0.7
(10°mmtsh

Calculations based on the experimental results on the curvature actuation of 4D-printed HBC,

elastic and hydroexpansion properties of 3D-printed biocomposite, and internal hydroscopic

stresses can be estimated following Equation 3 [232]:
_ . E11.E22 t 1 1 E % .
022 = oradial = TI1rE22 Ap( ( too T G12) Equation 3

with the bilayer thickness (t), E11 and E2> the respective elastic moduli of the active and passive
layers, Gi2 the shear modulus, and Ap the relative variation of curvature between the dry and

wet (after saturation) bilayer.

A reduction of internal hydroscopic stresses by a factor 10 is observed when the channel
content increases. Then, it might be assumed that designing channels inside biocomposites
reduces the internal stress due to the lower constraint between printed filaments. Thus,
implementing channels within the HBC may be favorable to hygromorphing as observed in

biological structures such as pine cone scales [151].
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IT1.2. 4D-printed HBCs with tailored performance
From the previous section, it is possible to imagine a wide range of biomimetic actuators
exhibiting complex sequential responses arising from a discrete distribution of channels and
actuation response. Inspired by the pine cone scale mesostructure, a 4D-printed proof of
concept showing a gradual distribution of channels from its center to the ends in the lengthwise
direction was produced (Figure 108). Thus, a greater reactivity occurs in the HBC edge where
V¢ = 7.5% while the most filled section with V¢ = 2.5% took longer to generate the sorption-

induced curvature.

Amplitude of actuation
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Figure 108: A 4D-printed HBC with sequential responses. The evolution of curvature at three different areas (low, medium
and high channel content) of the specimen is assessed. Bars represent the degree of actuation reached by an area at a specific
time compared to its final responsiveness at saturation.
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IV. Conclusion

Hydromorph Biocomposites (HBCs) represent a novel generation of bio-based materials able
to “sense” their environment and to mimic water-induced shape changing mechanisms of a
wide range of passive-hydraulic natural actuators. However, their reactivity, i.e., kinetic of
actuation, is currently relatively slow and limited by the moisture transport within the natural
fiber-reinforced composites. The 3D-printing process generates composite materials with
defects such as porosity. However, plant tissues in nature have demonstrated a range of

functional applications for porous structures, here named channel elements.

A biomimetic approach was applied to propose Hydromorph Biocomposites with a bioinspired
mesostructure to tailor moisture transport and, consequently, actuation kinetics. Slender
porosities were intentionally designed and built using 3D-printing, mimicking the channels and

general mesostructure found in the pine cone scale.

As a first step, 3D-printed wood fiber biocomposites representing the active layer of subsequent
4D-printed HBCs has been designed with various percentages of channel content (from 0% to
7.5%) ranging in size (from 0.5 mm to 3 mm) with variable distribution. The channel content
influenced the kinetic of water transport but also the amount of water uptake. The kinetic of

expansion was improved while the hygroexpansion at saturation was kept almost constant.

The channel size and distribution within the biocomposites allowed to influence the speed of
moisture transport and the hydroscopic expansion. This confirmed that the intentional design
of the mesostructure via the biologically inspired channel design allows the combination of
moisture uptake without degrading the expansion potential. In perspective, the orientation of
channels represents an interesting architectural feature to investigate since it might promote
water supply through the specific area of the structure and tune its actuation in the most optimal

way.
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The implementation of these results into 4D-printing HBC bilayers confirms that the reactivity
and responsiveness of HBCs can be tuned by introducing channels into the mesostructure.
Finally, the full potential of 4D-printing was used to create heterogeneously distributed

bioinspired channels to create complex sequential actuation.
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Chapter 7 : Biocomposites, towards greener artificial

reefs ?

What is the potential of biocomposites in the development

of artificial reefs ?
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I. Introduction

As a direct consequence of anthropogenic activities, the excess of carbon dioxide gas on Earth
has induced a dramatic modification of global ecosystems leading to irreversible changes for
all its residents. In Oceans, the over-presence of CO2 molecules generates an acidification of
the environment that disrupts the metabolism of marine organisms. For example, the
biodiversity of coralline algal has shown an important decrease due to marine acidification
[301]. The calcification of polyps is also affected and illustrated by a decline of their growth
and so coral reefs [302]. To prevent this apocalyptic depletion, several solutions are developed
to rebuild the ecosystems that have been destroyed ([185], [303]). Among them, active
restoration consists in implanting artificial structures to create new areas of development for
marine organisms. Then, passive restoration aims to treat the external factors that affect the
well-being of marine life (pollution removal, control of temperature and acidity, rejecting
invasive species). Coral reefs, seagrass (e.g. Laminaria), and eelgrass meadows are at the root
of marine life, providing both feeding areas for fishes and complex habitats fostering

biodiversity and the marine food chain ([304], [305]).

Nowadays a wide range of artificial reefs exhibiting various architecture and formulation are
being immersed in seawater ([198], [209], [220], [306]). The development of artificial reefs
follows several objectives. For environmental reasons, it might help to recreate sustainable
marine ecosystems and fight against the collapse of biodiversity. By promoting fish
proliferation, it is also useful for limiting the significant delocalization and/or depletion of
biotic resources caused by human activities (overfishing, marine hunting, scuba diving). In the
1980s, a dramatic number of industrial wastes (such as tires, scrap vehicle parts, rail coaches
or construction rubbles) immersed in different oceans has shown a totally counterproductive
effect on the restoration of biomass. Though being quickly recovered by bacterial biofilm and

macro organisms, these petrochemical or heavy materials release harmful and polluting
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products that destroy the growing ecosystem ([194], [195]). For a long time, wrecks have been
considered suitable surfaces for living benthic organisms. However, these living organisms do
not grow similarly in comparison with natural reefs. Walker and Schlacher [196] underscored
the fouling variations in coverage rate and species richness between artificial reefs and natural
reefs. After 3 years of immersion, only 25 species recovered the wreck surface in comparison

with 48 species for natural reefs.

Learning from past mistakes, a number of features must be considered to attribute a specific
functionalization and recruitment ability to an artificial habitat. In terms of formulation, the
choice of the material is a crucial factor for attracting marine organisms and providing
sustainable resettlement of aquatic fauna and flora. Spieler [307] reviewed the wide range of
impacting features that fosters/impedes marine organisms to colonize. Among them,
physicochemical properties such as composition, texture, color, leachates, surface chemistry
must be mentioned. Then, environmental factors (temperature, light, pH, depth, surrounding

marine ecosystem) also represent influential parameters.

For decades, concrete block has asserted its position as the most adapted material for designing
artificial reefs thanks to its toughness, surface roughness, affordability and processibility
([198], [199]). Though resistant to waves as exhibited by the Atlantic Wall vestiges, concrete
ends up into irremediable fragments and/or sediment landfills where metals and additives
products are released over structural degradation [195]. Unfortunately, concrete blocks are non-
biodegradable materials that do not disappear after their immersion in seawater. Moreover,
overcoming successive colonizing stages over the years, the efficiency of the artificial habitat
is abated. Renewing the immersed structure is essential to maintain significant interactions with
marine organisms and reenergize reef restoration. This long-term inefficiency of immersed

reefs has been leading scientists to reconsider their strategies. Since the use of permanent reef
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does not bring general agreements, thoughts are given to the use of biobased and/or

biodegradable artificial reefs with a controlled lifetime.

Because of the brutal impact of global warming on nature and human society, interests
generated by biobased and biodegradable materials is steadily growing. Among them, the
potential of bioplastics and biocomposites is already approved. Bioplastics also called
biopolymers are defined as polymers that are biobased and/or biodegradable in industrial
compost [308]. Biobased polymers usually come from plant polysaccharides (e.g. starch, wood,
straw) or can also be synthesized by green chemistry (e.g. polyhydroxyalcanoates PHA, PHB
or PHBV) or by conventional synthesis (e.g. polylactic acid PLA). Then, biodegradable
polymers such as aliphatic co-polyester (e.g. polybutylene succinate PBS) or aromatic co-
polyester (e.g. polybutylene adipate terephtalate PBAT) also have an ongoing development
towards a more and more biobased structure. The potential of plastics in the development of
innovative artificial reefs have already been reported ([209], [309]). For example, Kennedy et
al. [309] discovered that polyvinyl chloride (PVVC) gives a more satisfying covering of coralline
algae and diversity in the community of colonizing species than ceramics and glass tiles. Using
bioplastics as future artificial reefs seems provocative when thinking about current dramatic
ocean pollution and marine life extinction caused by the microplastics. However, the use of
bioplastics must not be dropped as only few bioplastics have been aged into seawater to assess
their ecotoxicity ([207], [310]). Besides, non-toxic biodegradable plastics have already been

displayed [311] and their number is expected to increase in the upcoming years.

Biocomposites associate bioplastics with natural fibers (e.g. flax, hemp, wood, bamboo) in
order to exacerbate their properties (e.g. density, rigidity, degradability, chemical and thermal
resistance). They proposed valuable assets as weight reduction, renewable materials and good
mechanical properties comparable to those of synthetic composites ([79], [312]). Using

biocomposites as recruitment surface for life restoration could be valuable for several reasons.
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At first, immersing natural fiber based materials will generate a release of polysaccharide
chains that could impact positively the adhesion mechanism of marine organisms. To our
knowledge, this information has not been reported yet in the scientific community. Then,
natural fibers are water sensitive components that swell upon water uptake. This swelling
behavior has been used inside biocomposites to develop smart shape-changing structures called
Hygromorph/Hydromorph BioComposites (HBC) ([62], [159], [225]). Manufactured by 3D-
printing, this concept might open the door to the deployment of smart and biobased
reconfigurable artificial reefs. Besides, biocomposite substrates have already proved to be a
relevant support to the growth of marine organisms. Contardi et al. [205] followed the marine
biofouling of starch/silicon and biodegradable lecithin-based structures over 6 months of
immersion in the Maldives. Recruiting regular marine species (e.g. bryozoans, coralline algae
or sponges), first coral recruits were identified at the surface of lecithin/wax/polyurethane
material. Thanks to their results, conceiving biodegradable composites facing water
degradation for coral larvae development is conceivable. This is a huge step in the elaboration

of artificial reef with controlled lifetime.

Following this dynamic, Chapter 7 aims to better understand the potential use of
biocomposites, made of bioplastic (PBAT, PLA) and locally cultivated flax fibers, as compliant
artificial reefs. For that, the influence of flax leachates on microorganism growth was evaluated
on two ubiquitous marine microorganisms: Pseudoalteromonas sp. 3J6 marine bacterium and
Cylindrotheca closterium (C. closterium) marine diatom. In parallel, an in-depth examination
of the biofouling mechanism was carried out, with on the adhesion of micro- and macro-
organisms (in situ). Comparisons with conventional plastic plates (Polyglass) and concrete

blocks (CD, CE, LF, X) are emphasized.
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IT. Results and Interpretations

II.1. Influence of flax leachates on the growth of microorganisms

II.1.a. Pseudoalteromonas sp. 316
Figure 109a shows the evolution of the optical density of bacterial solutions
(Pseudoalteromonas sp. 3J6 + growing medium MB + flax leachates) as a function of the
leachate concentration. For every tested concentration, the absorbance increases testifying a
development of bacterial community compared to the reference medium (Pseudoalteromonas
sp. 3J6 + MB). This slight exponential increase evidences a potential revitalizing influence of
flax leachates on the bacterial growth of Pseudoalteromonas sp. 3J6. Indeed, high
concentration (C = 2.5 mg/mL) gives a rise of 27% compared to a 20%-drop of bacterial
community for low concentration (C = 0.08 mg/mL). The slight negative effect at low

concentrations is not statistically significant compared to the reference medium.

I1.1.b. Cylindrotheca closterium
Figure 109b describes the relative fluorescence of several solutions containing C. closterium
diatoms, growing medium (ASW) and flax leachates for different concentrations of flax
leachates. It shows a parabolic trend with maximal fluorescence exceeding that of the control
sample (ASW + C. closterium) only at extreme concentrations (C = {0.08, 2.50} mg.mL™).
However, other intermediate concentrations do not give such a pro-active effect on the diatom

growth. Hence, the role of flax leachates on C. closterium development appears cleaved.

During fiber leaching, internal compound are extracted by water flow such as uronic acid and
sugar. The loss of these functional polysaccharides from the pectin region is shown to highly
impact the fiber stiffness since it is responsible for the transfer of stress between the microfibrils
[211]. While having no impact on the development of certain marine species (e.g. C. closterium

diatoms), this release of sugar may represent a potential feed intake for marine microorganisms
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and contribute to the development of their community (e.g. Pseudoalteromonas sp. 3J6).
Besides, it could accelerate the degradation process of the artificial reef and be a key for

controlling their lifespan.
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Figure 109: Impact of flaw leachates on the growth of marine microorganisms. Survival rates of (a) Pseudoalteromonas sp.
3J6 after 24 hours by measure of optical density (600 nm) and (b) C. closterium diatoms after 96 hours by measure of relative
fluorescence for various flax leachate concentrations ranging from 0.04 to 2.5 mg/mL (n = 6). The control solutions represented
by the red dotted lines corresponds to the inherent development of microorganisms in culture medium without the presence of
flax leachates. The gradient of colorations illustrates the increase of concentration of flax leachates.
I1.2. Influence of monomers on microorganism growth
I1.2.a. Pseudoalteromonas sp. 316

As illustrated in Figure 110a, the four tested monomers exert different dynamic on the bacterial
growth of Pseudoalteromonas sp. 3J6. At the lowest tested concentration (C = 0.08 mg.mL™?),
lactic acid displays a 50% decrease in absorbance, i.e. testifying a 50% inhibition rate of the
bacteria. At the bioplastic scale, PLA has already exhibited a strong toxicity on marine
organisms, comparable to conventional plastics [313]. Although partially metabolized by
humans and biodegraded by anaerobic bacteria over 30 days [314], adipic acid exhibits a
comparable drop of the survival rate. Therefore, its presence negatively impacts the growth of
Pseudoalteromonas sp. 316 for a concentration higher than 0.16 mg.mL™. Finally, increasing

the concentration of terephthalic acid and butane-1,4-diol from 0.08 to 2.5 mg.mL™? did not

modify the bacterial growth. As components of PBAT bioplastic, 1,4-butanediol and
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terephthalic acid are both biobased products and do not represent a theoretical threat for marine
organisms [310]. For example, terephthalic acid showed a low toxicity on Allivibrio fischeri

for higher concentrations, i.e. going from 10 mg.mL™ to 1000 mg.mL™ [315].

I1.2.b. Cylindrotheca closterium
Considering the growth of C. closterium in presence of monomers (Figure 110b), the
interactions with monomers are negative. An increase of the local concentration of monomers
to 2.5 mg.mL™? generates an inhibition rate, i.e. loss of community compared to the reference
medium, of 34% for butane-1,4-diol, 64% for terephtalic acid and almost 100% for adipic acid

and acid lactic.
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Figure 110: Impact of monomer concentration on the growth marine microorganisms. Survival rates of (a) Pseudoalteromonas
sp. 3J6 after 24 hours by measure of optical density (600nm) and (b) C. closterium diatoms after 96 hours by measure of
relative fluorescence for various monomer concentrations ranging from 0.01 to 5.0 mg.mL"* (n = 6). The control solutions
represented by the red dotted lines corresponds to the inherent development of microorganisms in culture medium without the
presence of monomers.

These results highlight the influence of monomers on the development of marine organisms.
Depending on the considered biological models, the presence of monomers might impact the
growth rate. Regarding Pseudoalteromonas sp. 3J6, butane-1,4-diol and terephthalic acid do
not alter its development, unlike lactic acid and adipic acid that generate an inhibition rate of
50% at low concentration (C = 0.16 mg.mL™). For microalgae, this impact is exacerbated since
an inhibition rate beyond 50% is obtained for both monomers. However, generalizing this

conclusion to the behavior of immersed reefs is delicate since the concentration of released
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products is difficult to estimate. Moreover, more tests must be carried on the impact of oligomer
chains since the monomer element is rarely reached at the end of the seawater ageing of
plastics. In parallel, an in situ survey on the impact of released products on the local ecosystem

must be conducted to validate or not the use of biopolymers as future artificial reefs.

I1.3. Biofouling potential
I1.3.a. Microorganism adhesion
II.3.a.i. Pseudoalteromonas sp. 3J6

Figure 111 illustrates the colonization process of Pseudoalteromonas sp. 3J6 bacteria on
several substrates. The covering rate shows a significant difference between the five tested
formulations. At first, the biofouling potential of Polyglass used as control sample highlights
an amplitude of 4.2 + 2.7 %. Both bioplastic substrates reach higher covering rates with 4.6 +
2.5 % for PLA and 5.8 + 4.4 % for PBAT. The significant standard deviation obtained for
PBAT could be due to its softness that randomizes the bacterial deposition.

When adding flax fibers to the formulation, an analogous trend is given, i.e. it reduces the
covering rate of Pseudoalteromonas sp. 3J6. This reduction reaches 65% and 60% for Flax/
PLA and Flax/PBAT samples. Affecting significantly the biofouling process, the introduction
of flax fibers inside the formulation causes structural and biochemical modifications. While
structural features (e.g. roughness, porosity) give more opportunities for bacteria to colonize
and hide (Figure 112a), biochemical features (e.g. polysaccharide release) might modify the
bacterial colonization by interacting with them and providing nutrients in the surrounding

growing medium.
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Figure 111: Investigation of the surface colonization of Pseudoalteromonas sp. 3J6 on Polyglass, PLA, Flax/PLA, PBAT and
Flax/PBAT substrates. (a) Evolution of the covering rate after ImageJ analysis of confocal laser microscopy observation. Data
represents mean + the standard deviation (n = 6). The index a emphasizes the significant difference (a0 < 0.05) between
Polyglass control sample and the other substrates. The index b emphasizes the significant difference (o < 0.05) between PLA
and Flax/PLA. The index ¢ emphasizes the significant difference (a < 0.05) between PBAT and Flax/PBAT. (b) Confocal
laser microscopy observation of a 3h bacterial colonization formed on the different tested substrates.
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II.3.a.ii. Cylindrotheca closterium

The results obtained for the colonization of C. closterium follow a comparable trend (Figure
113). While PLA and PBAT samples exhibit a covering rate of 6.7 +4.0 % and 7.2 £ 5.1 %,
adding 30% of flax fiber in these bioplastic formulations decrease their covering rate to 3.1 =
1.9 % (-54 %) and 3.8 £ 2.4 % (-53 %). Once again, this difference could be attributed to the
loss of structural integrity generates by flax fiber swelling and lixiviation ([53], [211]). Besides,
the higher surface roughness of biocomposites (Table 7) might give to microorganisms access
to narrowed areas less assessable by microscopic analysis (Figure 112b).

Flax fiber

PLA matrix
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diatom

200 pum /
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Figure 112: Marine biofouling of C. closterium on (a) cFF/PLA and (b) cFF/PBAT biocomposites exhibiting surfacial
microporosities by SEM treatment. Inset notifies the diatom adhesion on flax fiber within the biocomposite substrate.
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Figure 113: Investigation of the surface colonization of Cylindrotheca closterium on Polyglass, PLA, Flax/PLA, PBAT and
Flax/PBAT substrates. (a) Evolution of the percentage of surface colonized after ImageJ analysis of confocal laser microscopy
observation. Data represents mean * the standard deviation (n = 6). The index a emphasizes the significant difference (o <
0.05) between Polyglass control sample and the other substrates. The index b emphasizes the significant difference (a < 0.05)
between PLA and Flax/PLA. The index ¢ emphasizes the significant difference (a < 0.05) between PBAT and Flax/PBAT.
(b) Confocal laser microscopy observation of a 72h diatom colonization formed on the different tested substrates.

I1.3.b. Biofilm formation

I1.3.b.i. Pseudoalteromonas sp. 316

Figure 114 reveals the biovolume and average thickness of Pseudoalteromonas sp. 3J6 biofilm
after 72 hours of maturation on Polyglass (control), PLA, PBAT, Flax/PLA and Flax/PBAT
substrates. At first, an analogy between biovolume (Figure 114a) and average thickness (Figure
114b) can be discussed. Indeed, for bioplastic (essentially PBAT) and control plastic
(Polyglass), the biofilm biovolume reaches much higher standards than those of the average
biofilm thickness. On the contrary, biocomposites show fitting bars. It suggests that the biofilm
on pure plastics is dense and thin while being wide and thick on biocomposites, certainly due

to their specific surface roughness brought by the distribution of flax fibers (Table 7, p. 126).
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Moreover, the difference between microorganism adhesion (Section I11.1.a.i) and biofilm
formation must be mentioned. While microorganism adhesion is weakened by the presence of
flax fibers, their biofilm formation is promoted for Flax/PLA samples with a biovolume (3.0 £
2.1 pm3.um?) and average biofilm thickness (5.1 + 3.6 pm) 40%- and 49%-higher than
biovolume (1.8 + 1.3 pm®.um2) and average biofilm thickness (2.6 £ 2.5 um) of PLA samples
(Figure 114c). Indeed, the higher surface roughness and toughness brought by flax fibers
enhance the number of crevices and heterogenous surfaces profitable to biofilm growth.
However, Flax/PBAT proposes an opposite effect since it decreases the biovolume and average
biofilm thickness compared to PBAT samples. This point must be normalized by the physico-
chemical properties of the bioplastic such as hydromechanical properties, degradation kinetic

in seawater and structural integrity when facing fiber swelling.
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Figure 114: Investigation of the biofilm formation of Pseudoalteromonas sp. 3J6 after 72h at 20°C on Polyglass, PLA,
Flax/PLA, PBAT and Flax/PBAT substrates. (a) Evolution of the biovolume and (b) average thickness of the generated biofilm
after COMSTAT analysis of confocal laser microscopy observation. Data represents the mean + standard deviation (n = 6).
The index a emphasizes the significant difference (a < 0.05) between Polyglass control sample and the other substrates. The
index b emphasizes the significant difference (a < 0.05) between PLA and Flax/PLA. The index ¢ emphasizes the significant
difference (a < 0.05) between PBAT and Flax/PBAT. (c) Confocal laser microscopy observation of the bacterial biofilm
formed on the different tested substrates.

I1.2.a.ii. Cylindrotheca closterium

Focusing on C. closterium diatoms, the resulting biofilm emphasizes a strong connection with
Polyglass substrates that outmatches the biovolume and average thickness of bioplastic and
biocomposites (Figure 115). The high hydrophilicity of Polyglass promotes chemical
interactions with diatoms. Even if biocomposite materials do not exhibit such a biofilm
potential, there is here again a positive impact of the presence of flax fibers on the biofilm
growth. In this situation, the surface roughness of biocomposites can create a better link with
diatoms promoting the exopolysaccharide secretion and biofilm growth. Unlike observed for
Pseudoalteromonas sp. 3J6 biofilm, no significant difference are observed between Flax/PLA

and Flax/PBAT substrates.
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Figure 115: Investigation of the biofilm formation of Cylindrotheca closterium on several substrates after 72h at 18°C. (a)
Evolution of the biovolume and (b) average thickness of the generated biofilm after COMSTAT analysis of confocal laser
microscopy observation. Data represents the mean + standard deviation (n = 6). The index a emphasizes the significant
difference (a < 0.05) between Polyglass control sample and the other substrates. The index b emphasizes the significant
difference (a0 < 0.05) between PLA and Flax/PLA. The index ¢ emphasizes the significant difference (o < 0.05) between PBAT
and Flax/PBAT. (c) Confocal laser microscopy observation of the diatom biofilm formed on the different tested substrates
(Polyglass, PLA, Flax/PLA, PBAT and Flax/PBAT).

IT.2.c. Macroorganism adhesion (in situ study)
II.2.c.i. Impact of the material

At the macrofouling scale, important variations of recovery rate are recorded between
bioplastics, biocomposites and concrete substrates (Figure 116a). Concrete materials exhibit a

constant rate higher than 95% from March to September. In the other hand, biocomposites and
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bioplastics samples do not obtain a full recovery. Besides, an evolution of the recovery rate
along the immersion time is noticed for each formulations. Flax/PLA and PLA slabs have an
increasing recovery rate from March to July and decrease from July to September. These results
agree with the seasonal effect on marine colonization which is promoted during the spring and
summer and stabilizes or reduces during fall and winter [316]. However, the colonization rate
of PBAT and Flax/PBAT decreases from March to September and the final measured covering
rate after 1 year of immersion, i.e. in September 2022, shows a significant variation between
pure PBAT (82.6 + 0.2%) and Flax/PBAT biocomposites whose Vf = 30% (75.0 + 2.0%).
Hence, increasing the volume content of flax fibers could exacerbate the surface degradation
(Figure 117) of the substrate due to a greater expansion of the fiber in a soft biopolymer matrix
(Chapter 3). This might negatively impact the process of biofouling by releasing slab parts

and losing the present marine colonizers.

After one year of immersion, PBAT slabs displays the highest specific richness where 16
macro-colonizers were assessed (Figure 116b). This observation is in opposition with the low
covering ratio recorded on PBAT slabs induced by a higher surface degradation. On the
opposite, Flax/PLA (Vf = 15%) shows the lowest specific richness of 11 while those of
concrete blocks range from 12 to 15. Moreover, most of the main colonizing species are present
on biocomposites while bioplastics and concrete slabs are mainly in a lack of porifera and/or

chlorophyta species. These variations give opportunity for the development of functional reefs.

An important parameter to biofouling and marine restoration is the lifetime of the reef. When
using a soft matrix as PBAT, the lifetime of biocomposites reefs is expected to be shorter and
the spreading of flax leachates faster compared to those made of a rigid PLA matrix, i.e. more
sustainable in seawater. Regarding the natural reinforcement, the selected flax fiber also impact
the recruitment process and the structural integrity of biocomposites along immersion. This

point was emphasized by Haramina et al. while testing hemp/epoxy and flax/epoxy

220

Contribution to the development of 4D-printed Hydromorph Biocomposites for marine restoration Thomas Fruleux 2023



biocomposites in seawater conditions [317]. This makes the lifetime of the reef tunable by the
selected biopolymer and natural fibers, i.e. compatible with short-term (e.g. halieutic purposes)

and long-term (environmental protection) applications.
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Figure 116: (a) Covering rate of marine organisms on various substrates assessed in March, June, July and September 2022.
(b) Specific sessile richness on various substrates after 1 year of immersion. Samples were immersed from October 2021 to
September 2022.
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Figure 117: Surface degradation of Flax/PBAT (Vf = 30%) slab in seawater after 1 year of immersion.

ITI. Conclusion

Acrtificial reefs have proved to be very useful in repopulating marine ecosystems. Although the
used of heavy concrete materials is widespread, it is necessary to find solutions for more natural
and biocompatible materials. Biocomposite materials made of natural fibers are now
increasingly popular in load-bearing structures and shipbuilding fields, thanks to their
environmental, economic and performing benefits. Chapter 7 evaluated the impact of a locally
cultivated flax fiber as component of biocomposites materials for recreating marine habitats.
From the initial colonization and biofilm formation of marine microrganisms, i.e.
Pseudoalteromonas sp. 3J6 and Cylindrotheca closterium, to the macrofouling stage, several
variations are recorded when changing the flax fiber content or the surrounding biopolymer.
Main insights are related to the biopolymer selection for controlling the release of flax
leachates, the material degradation and promote or not a long-term colonization of marine
organisms. Although less colonized, the specific sessile richness of biocomposites can compete

with concrete formulation.

However, material selection is not the only aspect to consider when elaborating a compliant

artificial reef. On the design side, the structural complexity is also linked to species diversity
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and survival [219]. The optimal living environment differs for microbial, shellfish and fish
communities. Roughness, colors, generated shadows or accessibility to predators are also
important structural features of which impact on biofouling potential has already been clarified
[318], [319]. In perspective, controlling the architectural complexity with 3D-printing
represent a relevant insight to examine in the deployment of biocompatible biocomposite reefs.
Besides, the emergence of 4D-printing widens the range of architectured metamaterials. Hence,
it encourages further thoughts on the design of water-induced shape-changing materials, e.g.
Hygromorph/Hydromorph Biocomposites, to go from easily designed and immersible

materials to complex final marine habitats (e.g. dome, scaffold, cone).
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General Conclusion and Perspectives

I. Context

In today’s world, humans are searching for sustainable solutions to preserve the Earth. One of
the current problems relates to the loss of the biodiversity caused by climatic disruption. A
prime example is the depletion of biotic resources in the Oceans representing the root of marine
biodiversity and carbon reservoirs. To help revitalize the marine ecosystems, artificial reefs are
immersed by humans to recreate compliant habitats for the local micro- and macroorganisms.
Mainly composed of heavy materials, there is still a limited development of biobased reefs in

the field of sustainable development.

Hygromorph Biocomposites are a new range of shape-changing materials actuated by a
gradient of water. Inspired from biological structures such as the pine cone scale, they propose
an adaptative behavior to climatic factors. It gives them an interesting potential for functional
applications, e.g. morphing systems and deployable structures for soft robotics or sun shading.
Therefore, HBC have known a considerable expansion in the last decades explained by their
great hygroscopic properties and significant mechanical properties. However, their
development is today facing several challenges, preventing them to target a wider range of

applications.

At this moment, HBC represents an area which is flourishing with the development of modern
manufacturing techniques, such as 4D-printing, allowing a specific distribution of matter to
control the anisotropy and thus morphing behavior. A deeper look still needs to be carried out
to exacerbate their use in load-bearing applications. Connecting with aforementioned
environmental challenges, HBC might play a role in the revitalization mechanism of marine
ecosystems by creating complex biobased structures favorable to the colonization of organisms

(e.g. sustainable artificial reefs).
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II. Achievements

The formulation of flax-fiber biocomposites has been the first tackled feature. Creating an
artificial reef with HBC requires an amplified shape-changing behavior to maximize the
exchange surface with marine life. For this reason, strategies for enhancing the hydroexpansion
of HBC was followed. Generated by the inherent swelling of the selected natural fiber, this
hydroexpansion is also influenced by the biopolymer matrix employed. Using soft biopolymer
matrix (PBAT), i.e. with low mechanical properties, opens the door to greater expansion

of the flax fiber and a greater actuation of HBC (Chapter 3).

On the structural side, many parameters can influence the morphing pattern and thus predefine
the final shape and architecture of the reef. Among them, thickness ratio, stiffness ratio and
aspect ratio represent architectural features sliceable by 4D-printing. By optimizing these
features, the complex dual stage shape-changing mechanism of the pine cone scale is
mimicked. Chapter 4 gives insights on the relation between mesostructured and actuation

of HBC favorable to build tunable artificial reefs.

Going along with the reef conception, more complex HBC structures are today unreachable
by 3D-printing when reinforced with continuous natural fibers. Chapter 5 displayed the
geometrical limitations that exist when designing out-of-plane structures with continuous
flax fiber/PLA filament. This lock remains problematic for closing the structural gap with

natural reef ecosystems.

Although not controlling the anisotropy within HBC, the use of short flax fiber reinforced
filament brings advantages in the design of complex bioinspired structures compared to
continuous flax fiber reinforced filament. Inspired from plant metabolism, introducing
channel elements inside HBC accelerates their response and leads to the development of
HBC with sequential response (Chapter 6). This new concept might promote the shape-

changing behavior of the reef as well as the colonization of microorganisms.
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Finally, the interactions between HBC and marine organisms are decisive to validate the
concept. As this reef is intended to be biocompatible and with a controlled lifespan, a
comparison with regular concrete formulations has been conducted. The selection of
biocomposite formulation (biopolymer, natural fiber, fiber content) has an influence on
the biofouling mechanism (covering rate, specific sessile richness) (Chapter 7). Although
not as efficient as concrete reefs when dealing with biofouling potential, they bring a temporary

aspect by vanishing along the immersion, freeing space for a fully natural rehabilitation.

III. Perspectives

e FEcotoxicity of raw materials

One main aspect to explore is the ecotoxicity of released flax leachates and polymer products
along the immersion. Investigated on two local microorganisms, many other biological marine

models should be tested to get a deeper look on the biocompatibility of the proposed reef.

e Developing scaffold structures

Another interesting shape-changing pattern to reproduce in marine life is the scaffold
expansion. As observed in foams, the multiple channels with interconnected pores could
represent a favorable support for colonizers. Besides, the harmonization of conducts could

upgrade the material expansion and increase the exchange surface with living species.

e Seawater ageing

Some investigations have already targeted the ageing behavior of biocomposites in seawater.
However, since multiple formulations are tested in this project, a larger study must be

envisioned.

e Toward a full-scale prototype

Then, when the surveys carried on ecotoxicity and seawater ageing of HBC will be done, the

final exclamation mark would be to upscale the 4D-printed prototypes to the marine ecosystem.
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Résumé : La problématique de déplétion des
ressources biotiques dans les zones cotiere et
littorale est désormais admise par la
communauté scientifique. Pour y remédier,
des récifs artificiels censés favoriser la
dynamique de repeuplement ont été
développé ces dernieres décennies comme
par exemple en France ou au Japon.
Néanmoins, ces derniers sont souvent
composés de blocs de bétons, parpaings,
coques de navires ou pneus usageés, ne
représentant pas des solutions soutenables et
durables pour I'océan.

Inspirés de la microstructure asymétrique
présente chez certaines structures
biologiques (pomme de pin, épi de blé...),
ces nouveaux éléments de récifs, appelés
Biocomposites Hydromorphes, proposent
des changements de forme lors de leur
immersion. Composé de ressources
naturelles locales (fibores de Ilin), la
formulation et la structure spécifique
obtenue par impression 4D permettra au
récif d’interagir positivement avec les
espéces colonisatrices présentes; afin de
redynamiser les écosystémes marins.

L'objectif de ce projet de thése est de
développer un nouveau concept de récif
artificiel bioinspiré, biocompatible avec les
organismes marins, déployable et a durée de
vie contrlée.

Title : Contribution to the development of 4D-printed Hydromorph Biocomposites for

marine restoration

Keywords : Bioinspiration — Hydromorph Biocomposites — 4D-printing — Artificial reefs

Abstract : The depletion of biotic resources in
coastal areas is now recognized by the scientific
community. To face this problem, artificial reefs
are being developed to save the marine
ecosystems as for example in France or Japan.
However, they are often made of concrete
blocks, building blocks, boat hulls or tires which
do not represent sustainable solutions for the
Oceans.

This project aims to develop a new concept of
artificial reefs being bioinspired, biocompatible
with marine organisms, deployable and with a
controlled lifespan.

Inspired from asymmetrical architecture
observable in nature (e.g. pine cone scale,
wheat awns...), these new materials, called
Hydromorph Biocomposites, are able to modify
their shape when immersed in water. Made of
natural and local resources (i.e. flax fibers), their
formulation and their specific architecture
generated by 4D-printing would allow the reef to
interact positively with local marine organisms in
order to restore their marine habitats.
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