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Abstract: Several naturally occurring biological systems, such as bones, nacre or wood, display
hierarchical architectures with a central role of the nanostructuration that allows reaching amazing
properties such as high strength and toughness. Developing such architectures in man-made materi-
als is highly challenging, and recent research relies on this concept of hierarchical structures to design
high-performance composite materials. This review deals more specifically with the development
of hierarchical fibres by the deposition of nano-objects at their surface to tailor the fibre/matrix
interphase in (bio)composites. Fully synthetic hierarchical fibre reinforced composites are described,
and the potential of hierarchical fibres is discussed for the development of sustainable biocomposite
materials with enhanced structural performance. Based on various surface, microstructural and
mechanical characterizations, this review highlights that nano-objects coated on natural fibres (carbon
nanotubes, ZnO nanowires, nanocelluloses) can improve the load transfer and interfacial adhesion
between the matrix and the fibres, and the resulting mechanical performances of biocomposites.
Indeed, the surface topography of the fibres is modified with higher roughness and specific surface
area, implying increased mechanical interlocking with the matrix. As a result, the interfacial shear
strength (IFSS) between fibres and polymer matrices is enhanced, and failure mechanisms can be
modified with a crack propagation occurring through a zig-zag path along interphases.

Keywords: hierarchical fibre; nano-objects deposition; interphase; composite

1. Introduction

By combining biopolymers and minerals into hierarchical nanoscaled structures,
nature succeeds in developing hybrid materials with amazing mechanical performances
such as high strength toughness adapted to the specific needs of biological systems [1].
In this respect, complex biological architectures, displaying self-assembly processes and
implying the key role of nanostructuration and nano-objects intrigue researchers and
inspire them for the development of innovative engineering materials [2–7]. Elaboration of
bio-inspired materials has already been investigated in a plethora of engineering materials,
mimicking natural systems such as nacre, tooth, bone, or wood [8–12]. Practically, it
seems that these architectures modify stress transfer mechanisms within the material
and boost their strength and fracture toughness thanks to nanostructuration and the
development of a “hierarchical architecture” [13–17]. The hierarchical architecture of a
system can be defined as the deployment of structures exhibiting specific organizations at
different length scales, going from the macro- to the nanoscale, and ensuring interesting
properties to the entire material. This concept has notably been used in composite materials
with the implementation of hierarchical fibres via the deposition of nano-objects on fibre
surfaces. As an example, the whiskerization of carbon fibres with carbon nanotubes (CNTs)
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has been developed for the manufacturing of carbon fibre reinforced composites [18,19].
The developed nanostructured composites displayed enhanced mechanical properties
due to increased mechanical interlocking and lower local stress concentrations at the
fibre/matrix interface, hence resulting in higher strength and toughness [20–24]. Karger-
Kocsis et al. (2015) also pointed out the potential of such hierarchical composites for sensing
applications, that is, the in-situ sensing of stress, strain, and damage for structural health
monitoring [18].

Besides, current environmental issues push towards the implementation of eco-
friendly and high-performance composite materials on the market, either hybrid, that
is, synthetic/bio-based, or fully bio-based and reinforced with natural fibres and/or bio-
based nano-objects [25,26]. In this regard, the development of hierarchical fibres at the
interphase zone in (bio)composites is at its very early stage and could be an interesting
strategy to tackle current and future challenges raised by the implementation of fully
bio-based natural fibre reinforced biocomposites in industrial applications [27–29].

This review reports on the current state of the art use of hierarchical fibres for im-
proving fibre/matrix interfacial adhesion and toughening of (bio)composite materials.
First, several biological systems will be described to understand the role of nano-objects in
naturally occurring hierarchical architectures. Then, current studies on hierarchical fibre
reinforced composites will be discussed and divided into three main categories: (i) fully
synthetic hierarchical composites, (ii) hybrid hierarchical composites either reinforced with
bio-based nanoparticle modified synthetic fibres, or with synthetic or mineral nanoparticle
modified natural fibres, and (iii) hierarchical biocomposites reinforced with bio-based
nanoparticle modified natural fibres, the matrix being oil-based or bio-based.

2. Naturally Occurring Hierarchical Structures: Towards the Conception of
Bio-Inspired Architectures for Composite Materials
2.1. Hierarchical Structures in Biological Systems

The complex architectures found in naturally occurring biological systems are the
result of billions of years of evolution with continuous refining of their structure to face
different challenges and adapt in an ever-changing environment. They are made of hi-
erarchical micro/nanostructures with soft and organic interfaces (or matrices) and small
stiff building blocks. In general, these hierarchical structures include nano-objects, en-
hancing drastically the mechanical properties, as for instance in bones [30,31], nacre of
seashells [32,33], or wood [34].

The bone is structured by mineral crystals, that is, hydroxyapatite nanocrystals (thick-
ness 2–4 nm; length up to 100 nm), embedded in a (collagen-rich) protein matrix [35,36], as
illustrated in Figure 1. The specific three-dimensional network of hydroxyapatite nanocrys-
tals embedded into collagen fibrils shows peculiar deformation mechanisms that impact
positively the mechanical properties of bones [13,14]. Indeed, collagen fibrils are assembled
into collagen fibres, hence forming macroscopic structures such as osteons and lamellae.
This hierarchical structure developed over the entire system induces crack deflection and
crack bridging mechanisms with impressive properties such as self-healing and adaptation
to local stress [37–39].
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Figure 1. Hierarchical structure of human cortical bone with the presence of hydroxyapatite mineral nanocrystals (reprinted
with permission from Zimmermann et al., 2016 [40]).

The nanostructuration plays a central role in the mechanical behaviour of bones. Gao
et al. (2003) reported that mineral nanocrystals in natural materials have an optimum size
to ensure optimum fracture strength and maximum tolerance of flaws for toughness [41].
Indeed, according to the Griffith criterion, when the mineral size exceeds a critical length of
about 30 nm, the fracture strength is sensitive to crack-like flaws and fails by stress concen-
tration. As the mineral platelets size drops below this critical length, the mineral behaves
similarly to perfect crystals whatever the type of pre-existing flaws due to accidental soft
protein matrix incorporation or defective crystal structure. Considering the bone material,
nanometric dimensions of hydroxyapatite crystals and their hierarchical structure thus
appears as an optimization for better reinforcement.

Nacre can be found in the inner layer of mollusc shells (mussels, oysters, etc.) and is
made of aragonite plate-like crystals (thickness 200–500 nm; length few micrometres) and
a soft matrix of proteins and polysaccharides present in very small amounts [42]. These
mineral platelets are structured in a three-dimensional brick wall fashion, as illustrated
in Figure 2a. The interfaces between each platelet are soft and very thin (30–40 nm) but
seem to play a key role in the toughening mechanisms of mollusc shells. In fact, nacre
has a fracture toughness around 3000 times higher than its main component, that is, the
aragonite CaCO3 [33], due to its high deformation capacity when submitted to stress along
the direction of the platelets (Figure 2b). A sliding of platelets relative to each other occurs
under stress, this phenomenon is driven by the nanostructured interfaces, strengthened
by the nano-asperities of the platelets surface, and controlled by the hydration rate [43,44].
Moreover, the crack propagation in nacre is deflected along the interfaces in Figure 2c,
which strongly increases the fracture toughness of the material [1].

Plant cell walls are the main components of annual plant stems and wood ensuring
structural, conducting functions, and protection against pathogens. They are complex
composite materials with a hierarchical structure starting from the stem or branch down
to the cellulose elementary fibrils/crystallites (thickness 3–5 nm; length 100–1000 nm)
associated with various biopolymers as hemicelluloses, lignin and pectins in various
amount depending on the species [45]. Müller et al. studied the macroscopic biological
interface branch-stem of a Norway spruce in terms of microstructure, and mechanical
and self-healing mechanisms [15]. As illustrated in Figure 3, they observed during the
bending and breakage of the branch, the occurrence of a zig-zag crack propagation path
with crack bridging at the branch-stem interface. This zig-zag shape of cracks has also
been observed in natural materials like nacre and bone and requires much more energy for
the formation and extension of cracks [46]. This crack pattern is the consequence of the
complex and optimized hierarchical interface branch-stem with multiple length scales. At
the nanometric scale, the cell orientation and the microfibrillar angle (MFA) of cellulose
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microfibrils within plant cell walls are perfectly adjusted in tissues of the branch and stem
to ensure high flexibility and strength. Moreover, the distribution of cells appears to be
adapted to the local damages that could occur at the branch-stem interface, by limiting
local stress concentrations.

Figure 2. Nacre from mollusc shell (a) three-dimensional nanostructure of nacre organized in brick wall fashion, (b) tensile
stress-strain curves for pure aragonite and nacre, (c) SEM image of the fracture surface of nacre with crack propagation
deflected along the interfaces (reprinted with permission from Barthelat et al., 2015 [4]).

Figure 3. Zig-zag cracking of branch-stem interface with the model (insert) of the crack propagation in the sacrificial tissue.
Wood rays (green) reinforced with tracheids (red) form tissue bundles responsible for crack bridging. High concentration
of resin ducts (yellow) activated after the cracking ensures antimicrobial and hydrophobic protection. (reprinted with
permission from Müller et al., 2015 [15]).

The description of naturally occurring hierarchical architectures and their behaviour
under stress can thus be a model for the structuration of interfaces in man-made composite
materials based on hierarchical structure concepts using nano-objects. The next section will
focus on the conception of hierarchical fibre reinforced composite materials implying the
use of nano-objects, as observed in the biological systems presented previously. The creation
of such hierarchical composites targets the enhancement of the fibre/matrix interfacial
adhesion, a key parameter for stress transfer in composite materials.

2.2. Towards the Conception of Hierarchical Composite Materials Using Nano-Objects

Fibre-reinforced polymer composites are commonly used in many daily life applica-
tions and consist of at least three phases: the polymer matrix (thermoplastic, thermoset),
the reinforcing fibres (glass, carbon, natural fibres, etc.) and interfacial zones in between,
also called interphases since they develop over a certain thickness from the bulk of the
matrix to the fibres. The matrix protects reinforcing fibres and achieves the distribution
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of loads to the fibres and among fibres through the interphases when the composite is
submitted to mechanical solicitations [18,47]. The mechanical properties of the composite
such as strength and stiffness are primarily determined by the reinforcement characteristics
(intrinsic mechanical properties, volume fraction, orientation, L/d aspect ratio, i.e., L is the
fibre length and d corresponds to the fibre lateral dimensions), but the characteristics of
the interphases also appear as a key. Indeed, this three-dimensional region between the
fibres and the matrix can ensure the load transfer from the matrix to the fibres, provided
that the fibre/matrix interfacial adhesion is good enough. Thereby, the bonding strength
at the interface largely influences the final properties of the composite, and the role of the
interfacial adhesion on their structural integrity is now commonly accepted.

One of the main challenges when developing composite materials is precisely to
combine strength and toughness [48]. In general, a strong fibre/matrix interfacial adhesion
will achieve high strength and stiffness, while a weaker interfacial adhesion or flexible in-
terphase could enhance toughness performance. Interestingly, structural natural materials
such as bones, shells and plant stems seem to succeed in gathering these mechanical prop-
erties often antagonistic, and it appears that the combination of soft and stiff components
inside the systems, in optimized architectures and concentrations, could be the key for
such reinforcement [4,49]. Moreover, considering the three examples of biological systems
described above, the presence of nano-objects within the structure is likely to reinforce the
most vulnerable parts of the system undergoing higher stress levels [41]. By now, if we
transpose all these observations of natural materials to synthetic and man-made composite
materials, the concept of hierarchical architecture appears as an attractive strategy to tailor
the fibre/matrix interphase zone, and so increase the strength and toughness and hamper
crack propagation within composites.

The following sections will focus on the different types of hierarchically nanostruc-
tured fibre reinforced composites as schematized in Figure 4, the matrix being either
oil-based or bio-based.

Figure 4. Schematic structures of the different hierarchically nanostructured fibre reinforced composites with: (a) fully
synthetic hierarchical composites, (b) hybrid hierarchical composites either reinforced with bio-based nanoparticle modified
synthetic fibres or with synthetic or mineral nanoparticle modified natural fibres; and (c) hierarchical biocomposites
reinforced with bio-based nanoparticle modified natural fibres. Green colour stands for bio-based (nano-)reinforcements
and black colour stands for synthetic (nano-)reinforcements.

3. Hierarchical Interphase in Fully Synthetic and Hybrid Fibre Reinforced Composites

3.1. Fully Synthetic Hierarchical Fibre Reinforced Composites

The concept of developing hierarchically nanostructured fibres has been well stud-
ied in synthetic fibre reinforced composites, especially in carbon and glass fibre com-
posites with the deposition of nanofillers such as nanoclays (layered silicate), carbon
nanotubes (CNTs, single, double, and multi-walled), graphene and zinc oxide (ZnO)
nanowires [16,18–20,50–52]. The anchoring of carbon nanofillers on the fibre surface can be
achieved by two main pathways [18,19]: (i) chemical reaction between nanofillers and fibres
(sizing, electrospraying, electrostatic, and electrophoretic deposition, chemical grafting,
etc.) [53,54] or (ii) direct growth of nanofillers on fibre surface also called “whiskerization”
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with various Chemical Vapour Deposition (CVD) methods (thermal, injection, etc.) [55].
Besides, ZnO nanowires were grown on the surface of aramid and carbon fibres thanks to
the strong interactions between ZnO and carboxylic acid functional groups added on fibre
surfaces [16,17,56]. Some examples of such synthetic hierarchical fibres are presented in
Figure 5.

Figure 5. SEM images of hierarchical synthetic fibres (a) aligned ZnO nanowires coated and grown on aramid fibres
(functionalized with carboxylic acid groups); (b) Si-nanoclays (nanoclays functionalized with APTES) grafted on N-CF
(carbon fibre modified with GTMAC); (c) CNTs grown on oxidized IM7 carbon fibres using CVD method; (d) graphene
nanosheets deposited on carbon fibre at a content of 1 wt% (reprinted with permission from Ehlert and Sodano 2009 [56],
Zabihi et al., 2017 [50], Qian et al., 2010 [57] and Chen et al., 2015 [21]).

First, the creation of hierarchical fibres by the growth or deposition/grafting of
nanofillers at their surface induces modifications in the fibre surface topography. Zabihi
et al. (2017) studied the grafting of (3-aminopropyl) triethoxysilane (APTES) functionalized
nanoclays on glycidyltrimethylammonium chloride (GTMAC) modified carbon fibres [50].
They obtained hierarchical carbon fibres, as shown in Figure 5b, with increased surface root
mean square roughness from ~64 nm to ~103 nm as measured by atomic force microscopy
(AFM) on 1 × 1 µm area, due to the pits and debris on the surface. Moreover, the specific
surface area and the coefficient of friction, measured by Inverse Gas Chromatography
(IGC), increased by 5 and 11%, respectively. Qian et al. (2010) also observed a slight
enhancement of the nitrogen BET surface area of fibres, from 0.71 m2/g for oxidised IM7
carbon fibres to 1.71 m2/g after CNTs grafting (Figure 5c) [57]. Fibre surface roughness
was qualitatively increased in the work of Hu et al. (2019) studying the spray coating of
CNTs on carbon fibres (Figure 6a) for their incorporation in high-density polyethylene
(HDPE) composites [58]. This change of fibre surface topography greatly enhanced the
mechanical interlocking at the fibre/matrix interface, as shown on SEM images of fracture
surfaces (Figure 6b,c). Indeed, the presence of CNTs coated on the surface of carbon fibres
(Figure 6c) seems to increase the interfacial bonding between the HDPE matrix and the
fibres, and also decrease voids in between, compared to pristine carbon fibres (Figure 6b).
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Figure 6. (a) schematic for the spraying coating of CNT onto carbon fibres, Fracture surfaces for (b) pristine carbon
fibre/HDPE composites and (c) CNTs coated carbon fibre/HDPE composites (reprinted with permission from Hu et al.,
2019 [58]).

The deposition of nano-objects on fibre surfaces can also modify their wettability,
and hence ease their processing in composite materials. Zabihi et al. observed a better
wettability towards epoxy resin for carbon fibres modified with APTES functionalized
nanoclays. Indeed, contact angles between epoxy resin and carbon fibres measured by the
drop-on-fibre technique decreased from ~42◦ to ~25◦ with functionalized nanoclays [50].
Using the same technique, Qian et al. found a similar trend with a decrease of the contact
angle with PMMA matrix from 27.4◦ to 21.6◦ after the growth of CNTs on carbon fibre
surfaces, indicating a better wettability of CNTs-carbon fibres towards the poly(methyl
methacrylate) (PMMA) matrix [57].

The enhancement of the interfacial adhesion related to the presence of nano-objects
on fibre surfaces can be determined by measuring the interfacial shear strength (IFSS) via
different techniques. Single fibre fragmentation tests (SFFT) were conducted on hierar-
chically nanostructured carbon fibre/PMMA composites [57]. A positive impact of the
CNTs deposition onto carbon fibres was highlighted with an increase of the IFSS from
12.5 MPa ± 0.2 to 15.8 MPa ± 0.4 compared to pristine carbon fibres. However, it should
be noticed that the strength of CNTs modified carbon fibres dropped by ~15–17%, probably
due, according to the authors, to the CVD reaction temperature of 750 ◦C used for CNTs
deposition inducing the dissolution of iron catalyst in carbon fibres and lowering their
mechanical properties [57]. On the other hand, Elhert and Sodano (2009) measured an IFSS
improvement of 51% by SFFT, thanks to the functionalization of aramid fibres with ZnO
nanowires imaged in Figure 5a compared to the aramid fibre/epoxy composite, without
any degradation of the fibre tensile strength [56]. Finally, the deposition of nanoclays on
carbon fibres also increased by 32% the IFSS with epoxy matrix [50]. Note that nanoclays
were chemically functionalized by APTES, ensuring better chemical compatibility between
the modified fibres and the matrix.
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Besides, it is important to point out that the deposition of nano-objects on fibre surfaces
is likely to increase the local modulus of interphase regions and thus modifies the load
transfer from the matrix to the fibres and among fibres within the composite structure.
Chen et al. (2015) studied the deposition of graphene nanosheets on carbon fibres by liquid
phase deposition (Figure 5d) for reinforcing epoxy-based composites [21]. Based on AFM
measurements in force modulation mode (Figure 7a,b), the authors evidenced a gradual
variation of the relative stiffness from the matrix to the fibres thanks to the presence of
graphene nanosheets on carbon fibre surfaces.

The stiffness distribution, illustrated in Figure 7a,c, is split into two distinct zones
corresponding to the carbon fibre and the epoxy matrix. This is completely modified by the
presence of graphene on fibre surfaces with the appearance of a transition phase with local
stiffening (Figure 7b,d). This gradient interface layer of about 1.5 µm was not observed with
pristine carbon fibres (Figure 7e,f). A smoother transition in the interphase region, from the
macroscale (carbon fibres) down to the nanoscale (macromolecular structure of the matrix),
contributes to the reduction of local stress concentrations within the composite structure,
allowing much more efficient stress transfer when the composite structure is under load.
It should be noted that such AFM measurements require a meticulous preparation of the
samples with a smooth and clean surface.

To go further in the understanding of the effects of the presence of nano-objects at the
interphase zone, Romanov et al. (2015) [59] modelled local stress distribution within CNTs
modified unidirectional carbon fibre/epoxy composites, based on a 3D Finite Element
model previously developed in [60]. The presence of CNTs on fibres is likely to change the
mechanical performance of the interphase and especially to shift stress concentrations from
the fibre interface to the end of CNT, modifying stress distribution within the material. The
authors worked on different morphologies of deposited CNT on fibre, that is, wavy or
quasi-straight, and deposition techniques with CNT growth from fibre surface or coating,
inducing various orientations of CNT at the fibre/matrix interface, that is, radially aligned
or randomly oriented (Figure 8). First, they found that CNTs caused sharp stress gradients
in the matrix due to their high stiffness and aspect ratio. Moreover, the presence of CNTs
generates stress concentrations at two scales: localised at the nanoscale around individual
CNT, creating few micro-cracks, but also at the microscale taking into account CNTs
collectively, implying more serious damages.

The authors focused on the analysis of the maximum principal stress in the matrix σI,
the shear/tangential and normal/radial stresses at the fibre/matrix interface, στ and σr
respectively, represented in Figure 8. First, the maximum principal stress σI was analysed
in the matrix located between fibre surfaces (Figure 8a,b) for aligned and random CNT
forests and showed contrasting results. For all configurations, the stress σI is much lower
inside CNT forests (by 20–45%), compared to the reference without CNTs on the fibre
surface, which displays an almost constant σI = 27 MPa (black curve). However, the stress
in the resin-rich area is increased by 4–11% compared to the reference, depending strongly
on the CNT length, due to the high stiffness and oriented nature of CNTs at the interface.
Increasing the length LCNT to 0.5 µm induces a narrower CNT-free matrix region and so
higher stress (Figure 8a, red curve). Contrarily, the stress concentration between fibres
is drastically reduced in the case of overlapping CNT forests observed at LCNT = 0.7 µm
(Figure 8a, blue curve). Moreover, in the area where CNT forests are interpenetrated, an
additional loss of stress is observed. However, this overall stress decrease at the microscale
can cause damages in other areas. Indeed, CNT-free matrix zones in CNT forests are
narrower, which induces an increase of the nano-scale stress concentrations in these matrix
areas.
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Figure 7. (a,b) Relative stiffness in the interphase region obtained by force modulation AFM, (c,d) probability histograms of
relative stiffness and (e,f) stiffness change tendency with the appearance of a gradient interface layer between carbon fibres
and epoxy resin for hierarchical carbon fibres modified with 1 wt% graphene nanosheets (d,f) (reprinted with permission
from Chen et al., 2015 [21]).



Polymers 2021, 13, 804 10 of 34

Figure 8. The maximum principal stress σI in the matrix along the shortest path between the fibres
for (a) aligned and (b) random CNTs forests; (c) the effect of CNT grafting on normal interface stress
σr and shear interface stress στ; (d) the effect of CNTs in the fibre coating on normal stress σr and
shear stress στ at the interface (reprinted with permission from Romanov et al., 2015 [59]).
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Considering Figure 8c,d, it seems that the CNT orientation on fibre surfaces, which can
be controlled by the deposition technique (growth or coating), induces different behaviours
considering radial or tangential stresses. First, both random and aligned CNT forests
growing on fibre reduce overall stress at the fibre/matrix interface with a decrease of the
normal stress up to 40% and in the shear stress up to 29%, compared to the reference
composite (Figure 8c). On the other hand, CNTs coated on the fibre surface induce a
lower decrease in the normal stress up to 22% but a greater decrease in the shear stress
up to 36% (Figure 8d). This result can be explained by the orientation of coated CNTs,
which are aligned quasi-parallel to the fibre surface and so quasi-perpendicular to the
normal stress direction. It can be assimilated to the loading of a quasi-unidirectional
composite in the transverse direction, and so dominated by the matrix behaviour. To
conclude, the deposition technique of CNTs on fibre (growth or coating) implies different
CNT orientations, that is, quasi-radial or quasi-parallel to the fibre, which is likely to
influence greatly the stress distribution and the magnitude of the local normal and shear
stresses.

Finally, as observed in biological systems, nanoparticles can hinder crack propagation
within the composite structure, which then follows a zig-zag path preferentially at interfaces
hence inducing many crack deflections [19]. In this regard, Zabihi et al. [50] observed that
the deposition of nanoclays on carbon fibres favoured the deviation of cracks along the
fibre/matrix interfaces. Indeed, failure surfaces revealed the presence of big debris of
epoxy resin attached to the hierarchical carbon fibres modified with nanoclays, indicating
a more tortuous crack propagation favouring energy dissipation during composite failure.
This change in failure mechanism enhanced fracture toughness of composite materials.

The hierarchical structuration of fibres can thus modify their surface topography
and wettability towards polymer matrices and is likely to enhance interfacial adhesion,
stress transfer and distribution within the composite structure while also modifying failure
mechanisms. As a result, increased strength and fracture toughness can be achieved.
All data and observations are synthesized in Table 1. These effects are strongly related
to the dimensions and physical properties of the nano-objects and their orientation and
interactions with fibre surfaces. Based on this concept, several research works focused
on the development of hybrid hierarchical composites (Figure 4b) reinforced with either
synthetic or natural fibres modified by synthetic/mineral nanoparticles such as ZnO,
CNTs, or bio-based nanoparticles such as nanocelluloses (cellulose nanocrystals, bacterial
cellulose).
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Table 1. Fully synthetic hierarchical composites: characteristics and properties.

Matrix/Fibre Nano-Objects, Treatment
Method

Properties
Ref.

Surface Properties Wettability IFSS (MPa) Composite Microstructure and
Properties

PMMA/IM7 carbon
fibres

CNTs, CVD method
(growth)

H1 Drawback: drop by
15–17% of CNTs-carbon

fibre strength

Surface area:
N1 141%

27.4◦ → 21.6◦

Drop-on-fibre technique

N 12.5 MPa ± 0.2→
15.8 MPa ± 0.4
SFFT technique

– Qian et al., 2010 [57]

Epoxy
resin/GTMAC

modified carbon
fibres

APTES functionalized
nanoclays, cations exchange

method

Roughness: 64 nm→ 103 nm
Coefficient of friction: N 11%

Surface area: N 5%

~42◦ → ~25◦

Drop-on-fibre technique

N 24.8 MPa ± 3.5→
32.8 MPa ± 4.5
SFFT technique

Fibres embedded tightly by matrix,
crack deviation with nanoclays (based

on failure surface observations)
Zabihi et al., 2017 [50]

Epoxy resin/carbon
fibres

Graphene nanosheets (EG),
liquid phase deposition

Irregular and micro-scale EG
attached along the fibre axial

direction
– –

Transition phase from matrix to fibres
with local stiffening (AFM, force

modulation mode)
ILSS: N 28%

Flexural modulus and strength: N 5%
and N 31% (with 1.0 wt% EG in

evaporate solvent)

Chen et al., 2015 [21]

Epoxy
resin/carboxylic acid

modified aramid
fibres

ZnO nanowires, deposition
method (dip-coating in a

seed suspension and
growth on fibre)

Presence of large crystalline ZnO
nanowires on fibres, relatively

uniform in length and diameter
–

N 11.0 MPa ± 2.5→
16.8 MPa ± 2.8
SFFT technique

– Ehlert and Sodano
2009 [56]

1 N increased values or advantages; and H decreased values or drawbacks.
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3.2. Hybrid Hierarchical Fibre Reinforced Composites

Idumah and Hassan (2016) published a review on the development of hybrid as-
semblies in polymer nano-biocomposites [25]. The reviewed works were mainly focused
on hybrid composite systems incorporating nanofillers within the bulk of the polymer
matrix [61–63], and only a few examples dealt with the implementation of hierarchical
fibres to tailor the interphase in composites. This section will be focused on the develop-
ment of hierarchical composites modified by nanoparticles located on fibre surfaces, hence
following the concept of composites reinforced with hierarchical fibres.

3.2.1. Hierarchical Natural Fibres Modified by Synthetic/Mineral Nanoparticles

Different systems of synthetic or mineral nanoparticles deposited on natural fibres
were developed in the literature, primarily to enhance the mechanical properties of com-
posites. The morphologies of some of these hierarchical natural fibres are illustrated in
Figure 9.

Figure 9. SEM images of hierarchical natural fibres (a) 5 wt% of graphite nanoplatelets (xGnP) coated
on kenaf fibres, (b) 1 wt% carboxyl-functionalized CNTs (COOH-CNTs) coated on flax fibre yarns, (c)
laterally-grown ZnO nanowires on sisal fibres, (d) 2.34 wt% grafted nano-TiO2 on flax fibres of yarns
(reprinted with permission from Han et al., 2012 [64], Li et al., 2015 [65], Yang et al., 2020 [66] and
Wang et al., 2015 [67]).

Han et al. (2012) studied the coating of kenaf fibre bundles by exfoliated graphite
nanoplatelets (xGnP) to reinforce poly (lactic acid) (PLA) based composites [64]. This
coating was achieved by simple physical adsorption into acetone solvent with no chem-
ical bonding between xGnP and kenaf bundles (Figure 9a). The authors tested different
amounts of xGnP (0, 1, 3, and 5 wt%) dispersed in the solution and observed, via thermo-
gravimetric analysis, a saturation effect of coated xGnP on fibres, inducing the dispersion
of the xGnP in excess within the PLA matrix during the compounding process. A decrease
of the composite flexural strength was observed with the addition of xGnP, suggesting a
weaker interface in the xGnP kenaf fibres/PLA composite. The authors explained these
results by the hydrophobic character of xGnP nanoparticles, hence less compatible with the
more hydrophilic PLA matrix, implying a decrease of the interfacial adhesion. However,
still according to the authors, xGnP deposited on kenaf fibre surfaces could provide better
fibre dispersion within PLA by reducing attractive interactions among kenaf fibres. Besides,
the flexural modulus of the composite was increased by more than 165% for PLA composite



Polymers 2021, 13, 804 14 of 34

reinforced with 40 wt% kenaf fibres modified with 5 wt% of xGnP. The authors explained
this result by the synergistic effect of both reinforcements (kenaf fibres and xGnP). Indeed,
they measured an enhancement of PLA modulus by ~25% with the addition of 5 wt% xGnP
and by ~110% with the addition of 40 wt% kenaf fibres.

Li et al. (2015) studied the coating of carboxyl-functionalized CNTs (COOH-CNTs)
on the surface of flax yarns by the spray-drying process (0.5, 1, and 2 wt% COOH-CNTs
suspension concentrations; drying 120 ◦C for 8 h) and its effect on mechanical properties of
flax fibre reinforced epoxy composites [65]. The flax yarn coated with 1 wt% COOH-CNTs
in Figure 9b shows uniformly dispersed and randomly oriented COOH-CNTs on the fibre
surfaces, linked by hydrogen bonds with available hydroxyl groups of flax fibres. They
observed an increase of the IFSS between flax yarns and epoxy resin by 26% thanks to the
coating of 1 wt% COOH-CNTs on fibres. The interlaminar shear strength (ILSS) of the
prepared composites was also increased by 20% for the coating of 1 wt% COOH-CNTs.
The complex interfacial region, illustrated in Figure 10a, shows COOH-CNTs coated on
flax yarns by hydrogen bonds but also COOH-CNTs located between elementary fibres
inside the yarn. According to the authors, several types of interfaces must be considered
in COOH-CNTs-coated flax yarn/epoxy composites such as fibre/matrix interfaces but
also those between cell walls within elementary flax fibres. Figure 10b illustrates the
interlocking mechanism with the epoxy resin brought by the presence of COOH-CNTs
coated on flax fibres, which induces an enhancement of the load transfer in the interphase
zone.

Figure 10. (a) Distribution of CNTs in flax yarn reinforced epoxy composites and (b) interlocking mechanism and failure
process of composites (reprinted with permission from Li et al., 2015 [65]).

The deposition or growth of ZnO nanowires on natural fibres has been investigated in
some studies. Yang et al. (2020) modified sisal fibres with laterally grown ZnO nanowires
to enhance the interface in poly (lactic acid) (PLA)/sisal biocomposites [66]. The deposition
method was based on a two-step hydrothermal method with (i) dip-coating or immersion of
sisal fibres in a seed suspension of ZnO colloidal particles and (ii) growth of unidirectional
ZnO crystals from the seeded surface of sisal fibres (Figure 9c). The estimated amounts of
coated ZnO nanowires on sisal fibres were 1.8 wt%, 8.4 wt%, and 16.7 wt% for respectively
1, 2, and 6 dip-coating cycles. The ZnO nanowires modified sisal fibres provided excellent
interfacial adhesion with the PLA matrix, attested by an increase of IFSS and debonding
energy of 157% and 400%, respectively, for the PLA/sisal fibres modified with 6 dip-coating
cycles as compared to the PLA/pristine sisal fibre biocomposites. However, these strong
increases of IFSS and debonding energy values between neat sisal fibre and PLA matrix
measured by the pull-out technique (IFSS of 2.8 MPa to 7.2 MPa) must be taken with
caution. Indeed, these values are very low compared to those found in the literature,
that is, Taha et al. (2010) obtained an IFSS value of 17.1 MPa without any fibre surface
treatment [68]. This hierarchical structure at the surface of sisal fibres improved the
mechanical interlocking fibre/matrix, suggesting a more efficient load transfer at the
interface. The authors modelled the stress distribution along the fibre/matrix interface
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during a single-fibre pull-out test with or without ZnO nanowires on sisal fibres. The stress
generated at the interface was small and only a part of the interface worked efficiently,
because of the weak interfacial cohesion between pristine sisal fibre and PLA matrix. In
contrast, the laterally-grown ZnO nanowires on sisal fibres contributed to the anchoring
of nanowires in the PLA matrix with a high mechanical interlocking. Consequently, ZnO
coated sisal fibres resulted in enhanced interfacial adhesion with a more efficient transfer
of loads within the composite.

Sbardella et al. (2021) studied the growth of ZnO nanorods on flax yarn surface in
order to improve the interfacial adhesion in flax/epoxy matrix biocomposites [69]. The
hydrothermal treatment was provided to obtain highly oriented ZnO nanostructures, that
is, hexagonal wurtzite nanorods. This treatment can be divided into two main steps, (i) the
seeding and (ii) the epitaxial growth of ZnO nanoparticles, and was optimized in this work
by testing different parameters, such as the number of seeding cycles (1 to 3 cycles), the
growth time (1 to 5 h) or the refresh of the treatment solution. First, the authors obtained
the higher aspect ratio for ZnO nanorods with 1 seeding cycle and 5 h of growth time:
L/d = 14.6 (L = 3.0 µm ± 0.1; d = 0.20 µm ± 0.03) against L/d = 4 after 2 h of growth time.
Moreover, they showed that this treatment does not affect the flax yarn’s tensile strength.
Finally, they measured the IFSS by SFFT between ZnO 5 h_2.5 modified flax yarn (1 seed
cycle, 5 h, one refresh of the treatment solution at 2.5 h) and the epoxy matrix. They found a
lower IFSS of 12.7 MPa± 2.4 compared to 19.3 MPa± 3.7 for the neat flax yarn. The authors
explained this loss of interfacial adhesion result by the heterogeneity of flax yarn diameters,
which could negatively affect SFFT data. Moreover, they observed an increase in diameter
with the ZnO layer on yarn surface with ~340 µm compared to ~250 µm for the neat flax
yarn, and possible swelling and untwisting during the hydrothermal treatment, which
can involve difficulties in samples comparison. It can be noticed that these IFSS values
measured on flax/epoxy systems by the SFFT technique are very different from those
obtained by Li et al. based on the pull-out technique [65], that is, 43.7 MPa to 55.0 MPa.
This difference could be ascribed to the use of different techniques. Besides, the study at
the scale of fibre yarns could be more difficult to interpret due to their complex structure as
compared to elementary fibres. Nevertheless, the work of Sbardella et al. gives more data
on the testing parameters used for the SFFT test (reproducibility, crosshead speed, load
cell, etc.).

To complete the analysis on the interfacial adhesion, the authors observed fracture sur-
faces of the ZnO 5 h_2.5 modified flax yarn/epoxy SFFT sample as shown in Figure 11a,b.
It is clearly obvious that the vertically aligned ZnO nanorods on the flax yarn surface are
interconnected with the epoxy matrix, creating a bridge between the yarn and the matrix
and probably an enhanced mechanical interlocking. The high-resolution microtomography
analysis showed homogeneous ZnO surface coating on flax yarn (Figure 11c), bright areas,
without penetration within the yarn. Moreover, the 3D reconstruction of the fracture region
along the flax yarn (Figure 11d) shows the presence of matrix cracks and a debonding
between yarns and the epoxy matrix to be very limited, supporting that the interfacial
adhesion was enhanced in the biocomposite.
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Figure 11. (a,b) FE-SEM micrographs showing fracture surfaces for ZnO-flax/epoxy single yarn
composites. Micro-computed tomography observation for the ZnO-modified flax yarn/epoxy matrix
with (c) high-resolution micro-CT image of the flax embedded in the epoxy resin and (d) volumetric
reconstruction of the flax yarn and the fracture zone: the flax yarn is represented in dark grey, the
fracture zone in blue and the ZnO coating in red (reprinted with permission from Sbardella et al.,
2021 [69]).

Ovalle-Serrano et al. (2015) also studied the deposition of ZnO nanowires on natural
fibres, especially fique fibres from Columbia. They investigated another strategy based
on a co-precipitation method with the use of a precursor ZnSO4, NaOH for the hydroxide
formation and thermal/ultrasound energy [70]. However, the authors did not use the
modified fique fibres for the manufacturing of biocomposite materials.

Wang et al. (2015) modified flax yarns by the grafting of nano-TiO2 particles (Figure 9d)
and studied the effects on tensile and bonding properties of elementary fibres and unidi-
rectional fabric reinforced epoxy composite plates [67]. They cleaned (ultrasonic bath 80 W,
20 ◦C, 6 h) and dried (20 ◦C, 24 h) flax fibres before their dipping in nano-TiO2/KH560
during 15 min under sonication and then washed grafted fibres with ethanol and distilled
water for 1h. They also performed NaOH and silane coupling agent treatments to compare
different types of flax fibre modifications. They tested different suspension concentrations
and succeeded to graft from 0.89 wt% up to 7.14 wt% nano-TiO2 on flax fibres (estimations
based on XPS measurements). Figure 12b shows the presence of nano-TiO2 particles at the
surface of flax fibres compared to pristine flax fibres (Figure 12a). However, nano-TiO2 par-
ticles are not uniformly distributed on flax fibres’ surfaces with the presence of aggregates
(150 nm to 300 nm).
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Figure 12. Transmission Electron Microscope (TEM) images of flax fibre cross sections: (a) control flax fibre, (b) a nano-TiO2

grafted flax fibre (reprinted with the permission from Wang et al., 2015 [67]).

The optimum nano-TiO2 grafting content on flax fabrics was 2.34 wt% and contributed
to the increase of tensile strength of flax fibres by 23.1%. Moreover, the IFSS between flax
fibres and the epoxy resin was improved by 40.5%. In comparison, the modification of
flax fibres with a silane coupling agent (KH-560) showed a lower increase of the IFSS with
23.4%. Flexural strength of flax fibre reinforced epoxy composite plates was increased
by 31.4% when grafting 2.34 wt% of nano-TiO2, by 19% for the silane treatment and
by 9.5% for NaOH treatment, compared to the untreated flax fabric/epoxy composite.
These results suggest that the creation of hierarchical flax fibres with the presence of nano-
TiO2 induces a more significant improvement of the ultimate mechanical properties of
flax/epoxy composites (tensile and flexural tests) than chemical treatments such as NaOH
or the functionalization with a silane coupling agent.

Finally, the work of Zhuang et al. (2011) shows the possibility to develop hybrid
hierarchically nanostructured jute fibres and jute/epoxy composites displaying multi-
functional properties [71]. Jute fibres and fabrics were treated in acetone and then hot
water in a sonication bath prior to the dip-coating (one hour) of multi-walled carbon
nanotubes (MWCNTs) on fibre surfaces, then air-dried overnight in a fume hood and
under vacuum (40 ◦C, 8 h). Jute/epoxy composites were prepared by a vacuum-assisted
process with 20.5 wt% fibre content. The authors observed the formation of an electrically
semiconducting MWCNT network on jute fibre surfaces, illustrated in Figure 13a, with a
thickness of around 100 nm after one dip-coating step (Figure 13b).

The authors pointed out that the surface properties of jute fibres, functionalized
with multi-walled carbon nanotubes, modified the electrical conductivity of the compos-
ites. Moreover, the content and extent of conductive pathways could be easily controlled
considering the jute fabric treatment conditions. Indeed, volume electrical resistivity
measurements showed that two MWCNT dip-coatings of jute fabrics provided compos-
ites with two orders of magnitude lower volume resistivity values, and also conductive
pathways along yarn direction and even in their thickness (Figure 13c). The study of
the frequency-dependent dielectric properties of jute fabric/epoxy composites showed a
significant increase of the dielectric constant with the number of MWCNTs dip-coating
(Figure 13d). Finally, the results evidenced the potential of MWCNTs-jute fabric/epoxy
hybrid hierarchical composites as temperature, relative humidity, or strain/stress sensors.
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Figure 13. (a) Schematic presentation of single multi-walled CNT modified jute fibre, (b) from left to right are the SEM, EFM
phase, and TEM images of the cross-section of the MWCNT-jute fibre/epoxy biocomposite, (c) comparison of the volume
electrical resistivity of jute fabric/epoxy composites along yarn and through thickness directions, and (d) dependence
of dielectric constant of jute fabric/epoxy composites on the measurement frequency and fabric treatment conditions
(reprinted with permission from Zhuang et al., 2011 [71]).

3.2.2. Hierarchical Synthetic Fibres Modified by Bio-Based Nanoparticles

Synthetic fibres have been modified with different types of cellulose-based nanoparti-
cles. Nanocelluloses, that is, cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC),
are mainly obtained by an extraction procedure from lignocellulosic biomass [45]. CNF
are long and flexible (length: few micrometres; width: 5–100 nm), semi-crystalline with
a lateral nanometric dimension, mainly influenced by pre-treatments (mechanical, chem-
ical or enzymatic) with aspect ratio L/d from 10 to 100 and Young’s modulus around
81–98 GPa [72,73]. CNC are rod-shaped stiff nanoparticles (length: 100 nm–few microme-
tres; width: five to several tens of nanometers) displaying high crystallinity, providing a
high specific surface area up to 150–800 m2/g [45,73] and a high Young’s modulus around
100–130 GPa [74]. Hydrolysis of cellulose by sulfuric acid is the most common way to
produce CNC, which induces the presence of half sulfate ester groups (–OSO3

−) on their
surface. Bacterial cellulose (BC) displays a lateral dimension around 25–100 nm and a
length of several micrometres [75]. BC is produced by the bacteria Acetobacter xylinum,
which synthesizes cellulose nanofibrils from low molecular weight compounds (sugars,
alcohol, etc.) [76]. This fermentation process requires the accurate control of different
bioprocess parameters such as culture medium, temperature, incubation time, pH. An
important difference, compared to CNF and CNC extracted from lignocellulosic biomass,
is that BC is devoid of hemicellulose and lignin. BC nanofibres display high crystallinity
(up to 84–89%) and Young’s modulus of roughly 78 GPa [77,78].

The following examples of hybrid hierarchically nanostructured fibre reinforced com-
posites are composed of synthetic fibres, more especially glass fibres, coated with bio-based
nanoparticles such as BC or CNC (Figure 14).



Polymers 2021, 13, 804 19 of 34

Figure 14. SEM images of hierarchical glass fibres (a) and (a1) BC grown on glass fibres, (b,c) CNC
coated glass fibres with respectively 1 wt% and 5 wt% CNC content in suspensions (reprinted with
permission from Chen et al., 2014 [79] and Asadi et al., 2016 [80]).

Chen et al. (2014) studied the influence of the dipping time of glass fibres in the BC
culture medium and the effect of heating post-treatment of BC deposited fibres on the
final interfacial properties between glass fibres and epoxy resin [79]. BC was deposited on
glass fibres by fermentation at 30 ◦C for several hours in a culture medium (Figure 14a(a1)).
First, they obtained by microbond test the optimum IFSS value for 1 h dipping time
with an increase from 14.1 MPa ± 1.9 to 21.5 MPa ± 2.2 compared to the untreated glass
fibre/epoxy system. Moreover, it appears that the heating post-treatment of BC-glass fibres
at 140 ◦C during 24 h increased slightly the IFSS by 3%. Moreover, the authors explained
that this heating post-treatment could enhance adhesion between BC and glass surfaces.
Indeed, they conducted XPS measurements on the surface of unheated and heat-treated
BC-glass slides (140 ◦C, 24 h). The surface chemical composition of both samples was
shown in high-resolution Si 2p XP spectra (Figure 15a,b). It is obvious that after heating of
BC-glass slide, Si-C bonds increased from 15.8% to 30.4%, formed by the reaction between
Si-OH of glass fibres and C-OH of BC and so contributing to better BC/glass adhesion.
The optimization of treatment parameters increased the BC-glass fibre adhesion with the
creation of hydrogen bonds after 1 h dipping and led to stronger bonding between glass
fibres and BC, that is, C-Si and C-O-Si covalent bonds, after heating post-treatment at
140 ◦C during 24 h, as illustrated in Figure 15c.

Asadi et al. (2016) prepared short glass fibre/epoxy composites with pristine and
CNC-treated glass fibres (Figure 14b,c) by the immersion/dipping of chopped glass fibre
roving (around 25 mm length) in CNC aqueous suspensions between 0 and 5 wt% CNC
contents [80]. First, they observed that favourable interactions between hydroxyl groups of
CNC and glass fibres promote physical adsorption of CNC at the surface of the roving but
also the partial penetration of CNC within the roving, resulting in heterogeneous coating
of individual glass fibres. The interfacial shear strength (IFSS) measured by SFFT showed
an optimum value for 1 wt% CNC in suspension with an increase of ~69% compared to the
untreated glass fibre/epoxy composite (Figure 16a).
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Figure 15. (a,b) Si 2p XP spectra of BC-glass slide before and after heat treatment at 140 ◦C during 24 h, (c) Schematic
representation of chemical bonding between hydroxyl groups of bacterial cellulose (BC) and glass fibres and possible
formation of C-Si and C-O-Si covalent bonds (reprinted with permission from Chen et al., 2014 [79]).

Figure 16. (a) SFFT results with the IFSS (solid grey bars) and critical fragmentation length (striped
red bars) for short glass fibres/epoxy composites as a function of CNC concentration in suspension,
failure surfaces observed for (b) 30 wt% uncoated glass fibre and (c) 30 wt% CNC-coated glass fibre
(1 wt% CNC in suspension) reinforced epoxy composites (reprinted with permission from Asadi et al.
(2016) [80]).
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The authors assumed that too much CNC on fibre surfaces could induce slippages be-
tween CNC layers, decreasing the load transfer efficiency across the interphase. Moreover,
the composite reinforced with CNC-modified glass fibres prepared in a 2 wt% suspension
showed a decrease of the tensile strength of ~12%, while the IFSS measured on the same
system was higher than for pristine glass fibres. The authors attributed this antagonism to
various mechanisms and in particular to the incomplete impregnation of the epoxy resin
around and within the glass roving coated by a thick CNC layer, possibly resulting in the
formation of voids that could decrease the composite’s strength. SEM images of failure
surfaces are presented in Figure 16b,c. The fibre/matrix interfacial adhesion appears very
weak for the untreated glass fibre/epoxy composite, with mainly interfacial debonding
and fibre pull-outs, characteristic of an adhesive interfacial failure. In contrast, the presence
of CNC on the surface of glass fibres results in matrix cracking and fibre breakage, and
hence more cohesive interfacial failure.

Combination of nanoparticles was also tested with the deposition of both cellulose
nanocrystals and carbon nanotubes on the surface of carbon fibres, in order to enhance the
interlaminar shear strength (ILSS) in composite laminates [81,82]. In this hybrid treatment,
CNCs are used as a dispersing and stabilizing agent of CNTs in water before the treatment
of carbon fibres. The results obtained concerning the mechanical properties of composites
are promising with an increase of the flexural strength and the ILSS by 33% and 35%,
respectively when treating carbon fibres with 0.2 wt% CNC 0.2 wt% CNT in suspension.
This review on hybrid hierarchically nanostructured fibre reinforced composites highlights
the challenge of depositing nano-objects that can have no physico-chemical affinities with
the reinforcing fibres used. All data and observations are synthesized in Table 2.

Indeed, the deposition or growth of CNT, ZnO, or graphene requires in some cases
very high temperatures, not compatible with natural fibres. While the preparation of
hierarchical synthetic fibres such as carbon fibres is often carried out by the CVD method
(750 ◦C for 1 h, C2H2 carrier gas [57]), the deposition of synthetic nano-objects for the
creation of hierarchical natural fibres requires gentler techniques such as hydrothermal
deposition, spray-drying or dipping in suspension. It should also be noted that the growth
of synthetic nano-objects on the surface of fibres has been transposed to biobased nano-
objects by the use of bacterial cellulose, growing directly on the fibres by incubation.

Most of the works on the development of synthetic and hybrid hierarchical fibre rein-
forced composites evidenced a reinforcement of the interphase zone thanks to hierarchical
fibres, with improved interfacial adhesion measured by different techniques such as IFSS,
ILSS or flexural tensile tests. The next challenge is to transpose this bio-inspired concept of
hierarchical interphase to fully bio-based reinforcements, that is, natural fibres modified by
bio-based nanoparticles. The following section will focus on hierarchical biocomposites as
schematized in Figure 4c, in particular the deposition of cellulose-based nanoparticles on
various natural fibres.
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Table 2. Hybrid hierarchical composites: characteristics and properties.

Matrix/Fibre Nano-Objects, Treatment Method

Properties

Ref.
Surface Properties Wettability IFSS (MPa) Composite Microstructure

and Properties

Natural Fibres + Synthetic/Mineral Nano-Objects

PLA/Kenaf fibres

Exfoliated graphite nanoplatelets
(xGnP), adsorption into acetone→

excess of xGnP, not adsorbed on fibre
surface, dispersed within PLA during

compounding

physically-adsorbed
multi-layers of xGnP on

fibre surfaces
– –

Flexural modulus:
N1 23% (with 40 wt% kenaf and 5 wt%

xGnP added in acetone)
H1 Flexural strength with the addition

of xGnP (decrease of the interfacial
adhesion)

Han et al., 2012 [64]

PLA /sisal fibres
ZnO nanowires, hydrothermal

deposition method (dip-coating in a
seed suspension and growth on fibre)

6 dip-coating cycles:
nanowires relatively
uniform with typical

diameter of about 100 nm
and length of ~2 µm

–

N 2.8 MPa→ 7.2 MPa
Single fibre pull-out technique

HDrawback: very low IFSS values
compared to literature

– Yang et al., 2020 [66]

Epoxy resin/flax yarns

Carboxyl-functionalised CNTs,
spray-drying process (better results for

1 wt% CNTs suspension
concentration)

Uniformly dispersed and
randomly oriented CNTs –

N 43.7 MPa→ 55.0 MPa
Single yarn pull-out technique

HDrawback: no information on test
settings

ILSS: N 20% Li et al., 2015 [65]

Epoxy resin/flax yarns
ZnO nanorods, hydrothermal

deposition method (dip-coating in a
seed suspension and growth on fibre)

Highly oriented hexagonal
ZnO nanorods – H 19.3 MPa→ 12.7 MPa

SFFT technique (single yarn)

Fracture surfaces: improved
mechanical interlocking

3D reconstruction of fibre yarns:
matrix cracks and debonding between

yarns and epoxy matrix

Sbardella et al., 2021
[69]

Epoxy resin/flax fibres

Nano-TiO2 particles, dipping in
nano-TiO2/KH560 suspension

(optimum results with 2.34 wt%
nano-TiO2 and higher tensile strength

of single fibre)

Non-uniform distribution
of nano-TiO2 with the
presence of aggregates

(150–300 nm)

– N 20.7 ± 1.7 MPa→ 29.3 ± 1.3 MPa
Microbonding technique (single fibre)

Flexural strength and modulus: N 30%
and N 17% resp.

Wang et al., 2015
[67]

Synthetic Fibres + Biobased Nano-Objects

Epoxy resin/glass fibres BC, dipping of fibres in BC culture
medium, fermentation process

BC-based pellicles around
glass fibres

~30◦ → 63.5◦
Sessile drop technique

(water/air) on (BC-)glass slides

HDrawback: no values with
epoxy matrix

N 14.1 ± 1.9 MPa→ 21.5 ± 2.2 MPa

Microbonding technique (single fibre)
– Chen et al., 2014

[79]

Epoxy resin/chopped
glass fibre roving

CNC, dipping in aqueous suspension
(optimum results for 1 wt% CNC)

Partial penetration of CNC
within the roving –

N 32.2 ± 3.8 MPa→ 53.5 ± 4.3 MPa

SFFT technique

Tensile properties: no improvement,
Flexural strength and modulus:

N 39.3% and N42.9% resp.

Asadi et al., 2016
[80]

1 N increased values or advantages; and H decreased values or drawbacks.
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4. Hierarchical Interphase in Natural Fibre Reinforced Biocomposites

The main advantage when treating natural fibres with cellulose-based nanoparticles
(i.e., BC, CNC, CNF) is their spontaneous adsorption on fibre surfaces. Indeed, they
have a mutual affinity brought by hydrogen bonding and van der Waals interactions.
Moreover, surface modification can be performed directly in water without the use of
organic solvents or prior fibre pre-treatments that would be less eco-friendly and could
induce fibre degradation [83].

4.1. Hierarchical Natural Fibres Modified by Bacterial Cellulose

Several works report on the deposition of BC on natural fibres to create hierarchical
fibres with the aim of enhancing the fibre/matrix interface in biocomposites. For example,
BC was grown on the surface of sisal and hemp fibre bundles (7 days, 30 ◦C) for their
further incorporation in bio-based matrices, that is, PLA and cellulose acetate butyrate
(CAB) [28,84,85]. The authors performed SEM observations of BC grafted-hemp fibres
(Figure 17a) and BC grafted-sisal fibres (Figure 17b) and found that BC nanofibres were
randomly oriented and covered fibre surfaces almost completely.

Figure 17. SEM images of (a) hemp fibres coated by BC, (b) sisal fibres coated by BC and (c) “hairy” short sisal fibres coated
by BC (reprinted with permission from Pommet et al., 2008 [28], Juntaro et al., 2007 [84] and Lee et al., 2012 [86]).

The biocomposite showing the most promising results was PLA/BC-grafted sisal
fibres with an increase of longitudinal and transverse tensile strengths by 44% and 68%,
respectively, compared to the untreated sisal fibre reinforced PLA biocomposite. The
IFSS measurements showed a positive effect of the BC treatment on the sisal/PLA matrix
interfacial adhesion with an improvement from 12.1 ± 0.5 MPa to 14.6 ± 1.2 MPa. In the
case of BC modified hemp fibres, the authors observed “glued” elementary fibres forming
bundles, which could hamper good impregnation with the matrix during manufacturing,
and create defects and voids within the biocomposite microstructure. This is likely to be at
the origin of the bad or unchanged results observed for hemp fibre reinforced biocomposites
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with both PLA and CAB matrices. Moreover, the better mechanical properties (strength
and stiffness) obtained for PLA based biocomposites compared to CAB based ones could
be explained, according to the authors, by the polar functional groups of PLA likely to form
hydrogen bonds with BC hydroxyl groups present at the fibre surface, hence providing a
better fibre/matrix interfacial adhesion.

Lee et al. (2012) also prepared BC-coated sisal fibres by dipping the sisal fibres in
an aqueous dispersion of freeze-dried BC (3 days, room temperature) [86]. Based on two
different drying processes, they obtained “dense” and “hairy” BC coated sisal fibres. The
resulting “hairy” BC fibres are illustrated in Figure 17c with BC nanofibres oriented per-
pendicular to the fibre surface. The loading content of BC on sisal fibre was around
10 ± 1 wt%. The specific surface area of sisal fibres, measured by nitrogen adsorp-
tion/desorption isotherms, was slightly increased from 0.10 m2/g ± 0.01 to 0.77 m2/g
± 0.03 and 0.49 m2/g ± 0.03 for respectively “dense” and “hairy” BC coated sisal fibres.
According to the authors, the lower specific surface area of “hairy” BC-sisal fibres might be
due to the agglomeration of BC nanofibrils on the fibres when they are pressed between
filter papers, reducing the accessible area for nitrogen adsorption. Then, sisal fibre/PLA
biocomposites were prepared with untreated and BC-coated sisal fibres but also with
the dispersion of freeze-dried BC in the bulk of the PLA matrix. The different BC/sisal
fibres/PLA systems are shown in Figure 18.

Figure 18. Illustration of the different hierarchical sisal fibres/PLA biocomposites with or without
the addition of bacterial cellulose (BC). (Left) with untreated sisal fibres; (middle) with BC coated
sisal fibres and (right) with BC coated sisal fibres and BC in the matrix bulk (reprinted from Lee et al.,
2012 [86]).

Considering the tensile performances of the different sisal fibre/PLA biocomposites,
the combination of BC-coated sisal fibres with also BC dispersed in PLA seems to give the
best results whatever the drying process. Indeed, tensile tests highlighted an increase in
Young’s modulus and tensile strength by 27% and 16% respectively, for PLA/“dense” BC-
coated sisal fibres and by 24% and 18% respectively, for PLA/“hairy” BC-coated sisal fibres,
both containing BC in the PLA matrix, compared to PLA/untreated sisal fibre biocomposite
without added BC. According to the authors, these results could be explained by a possible
stiffening of the PLA matrix with the presence of BC and additional interactions such
as hydrogen bonds and van der Waals interactions between BC dispersed in the matrix
and BC coated on the surface of sisal fibres. Indeed, SEM images of fractured surfaces
of biocomposites (Figure 19) highlighted a more cohesive interface between sisal fibres
and PLA matrix for “hairy” BC-coated fibres. This was even more obvious with “hairy”
BC-coated fibres and BC dispersed in the matrix. Indeed, bonded PLA matrix was observed
on sisal fibres (Figure 19c), hence favouring matrix and fibre breakage rather than fibre
debonding.
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Figure 19. Fractured surfaces of hierarchical BC/sisal fibres reinforced PLA biocomposites, (a) untreated sisal fibres,
(b) “hairy” BC-coated sisal fibres and (c) “hairy” BC-coated sisal fibres with BC dispersed in PLA matrix (reprinted with
permission from Lee et al., 2012 [86]).

Lee et al. (2012) also investigated the manufacturing of a non-woven sisal pre-
form treated with bacterial cellulose for reinforcing acrylated epoxidised soybean oil
(AESO) resin [87]. Sisal fibre bundles (10 mm length) were dipped in a suspension of BC
overnight and pressed to obtain the non-woven sisal preform bound by BC as illustrated
in Figure 20A. The resulting sisal preform strongly increased both the tensile and flexural
Young’s modulus of the AESO-based biocomposite, by 75% and 142% respectively, and
tensile and flexural strength by 71% and 116% respectively, compared to the untreated
sisal preform/AESO biocomposite. Dynamic mechanical thermal analysis (DMTA) was
performed on biocomposites and results are represented in Figure 20B. The damping factor
tan δ (tan δ = E′′/E′) is likely to be affected by the molecular mobility of macromolecular
chains within the matrix and at the fibre/matrix interphase [88,89]. For sisal preform/AESO
biocomposites [87], the DMTA curves showed a decrease of the damping factor from 0.09
to 0.07 due to the presence of BC on sisal fibres, characteristic of improved fibre/matrix
interactions and restricted molecular motions at the interface. The fibre/matrix interfacial
strength indicator b was calculated (see relationship in Figure 20B, with tan δc and tan δm
the damping factors of the composite and the neat matrix respectively; Vf the fibre volume
fraction). A higher b value was obtained for the BC-sisal preform/AESO biocomposite,
highlighting an increase of the interfacial adhesion, and possibly better wetting of the
AESO resin.

Figure 20. (A) SEM micrograph of sisal fibre with (a) preform using (b) BC as binder; (B) results of DMTA tests with tan δ as
a function of temperature for (a) neat polyAESAO, (b) sisal-polyAESO and (c) BC-sisal-polyAESO biocomposites (reprinted
with permission from Lee et al. (2012) [87]).
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4.2. Hierarchical Natural Fibres Modified by Cellulose Nanocrystals (CNC) or Cellulose
Nanofibrils (CNF)

Dai and Fan studied the modification of hemp yarns with the deposition of cellulose
nanocrystals (CNC) at the surface of fibres [29] (Figure 21a,b).

Figure 21. SEM Images of (a,b) nanocellulose treated hemp fibres, (c) CNC and (d) CNF 100G
treated flax tapes, (e) CNC and (f) xyloglucan (XG)/CNC modified flax woven fabric (reprinted with
permission from Dai and Fan (2013) [29], Ghasemi et al. (2018) [90] and Doineau et al. (2020) [91]).

They performed a two-step modification: (1) pre-treatment of yarns in an ultrasonic
bath (60 ◦C, 1 h) containing a solution of cationic surfactant dodecyltrimethylammonium
bromide (DTAB) at different concentrations (0.05, 0.10 or 0.15% the weight of dried fibres)
and pH (10, 11, or 12); (2) dipping of DTAB pre-treated hemp fibres in a suspension of
nanocellulose at 2 wt% (25 ◦C, 10 min). The pre-treatment at pH = 11 and DTAB 0.10%
prior to the coating of hemp fibres with CNC gave the best results with an increase of the
elementary fibre Young’s modulus and tensile strength of 36.1% and 72.8%, respectively.
Moreover, the addition of 0.10% of DTAB resulted in greater adsorption of anionic CNC
at the surface of hemp fibres. SEM images highlighted the “repairing” capacity of CNC
towards hemp fibre bundles with the filling of stria at their surface and interfibrillar
adhesion (Figure 21a,b).

Ghasemi et al. (2018) studied the produced modified natural fibre yarns and tapes
with CNC and different types of CNF targeting textile and composite applications [90]
(Figure 21c,d). As Dai and Fan [29], the authors observed the filling of gaps and the binding
effect of CNC and CNF on the elementary fibres constituting the yarns/tapes. Moreover, it



Polymers 2021, 13, 804 27 of 34

seems that the substrate structure, that is, yarns or tapes, induces on the distribution of CNC
and CNF a more heterogeneous deposition and a larger amount of trapped nanocellulose
for tapes compared to yarns. Figure 21c,d show the surfaces of two different manufactured
tapes modified by the deposition of CNC and CNF 100 G (“100 G” stands for “ground
for 100 min with an average particle diameter of 2.84 µm”), respectively. CNF and CNC
cover the entire tape surface forming a three-dimensional network with many bridges
between the fibres. Lower magnification SEM images inserted in Figure 21c,d taken at the
scale of tapes and yarns show more uniform adsorption of CNC through the structure of
yarns and tapes due to its smaller size compared to CNF 100G. Finally, the release of water
appeared to be easier and more efficient with the presence of CNC in the structure of flax
yarns/tapes. Indeed, the drying rate was almost two times faster compared to untreated
yarns/tapes. However, the authors did not use these treated natural fibre yarns and tapes
to manufacture flax-reinforcement-based biocomposite materials.

Hierarchical flax fabrics were also developed by adsorbing CNC (Figure 21e) and
xyloglucan (XG) on fibres (Figure 21f). XG is a flexible polysaccharide belonging to the
hemicellulose family and was used as a binding agent due to its strong affinity towards
cellulose surfaces [92,93]. Adsorption isotherms of CNC and XG on the surface of flax
fibres were determined by UV spectroscopy with fluorescence labelled XG and CNC. The
adsorbed amounts of XG and CNC on flax fibres reached a plateau at around 20 mg/gfibres,
that is, 2 wt%. CNCs were randomly oriented on the surface of flax fibres and covered
almost all surfaces with some missing areas, probably due to the complex architecture of
the flax fabric made of twisted and woven yarns. Moreover, AFM force measurements
were performed with a CNC modified tip on two different substrates: raw flax fibres and
flax fibres treated with XG (Figure 22). The pre-adsorption of XG on the flax fibre surface
increased the rupture distance with the CNC-tip by around 1000 times considering the
median values, compared to the raw fibres. These results suggested that the combination
of XG and CNC adsorbed on flax fibres, interacting by hydrogen bonds and van der Waals
forces, allowed the creation of an extensible network at the fibre surface.

Figure 22. Illustration of the adhesive force measurements conducted by AFM with a CNC modified
tip on two substrates: (A) non-treated flax fibres and (B) a XG modified flax fibre; and (C) mea-
sured rupture distances between the CNC-tip and raw flax and XG-flax substrates (reprinted with
permission from Doineau et al., 2020 [91]).
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Following this strategy, hierarchical short flax fibres treated by CNC and XG/CNC
were used to modify the interphase zone in flax/polypropylene (PP) composites, and
hence improve the load transfer from the matrix to the fibres [94]. Moreover, in some
PP/flax composites, a coupling agent, that is, maleic anhydride-grafted polypropylene
(MAPP), was incorporated in the matrix to promote chemical bonding with flax fibres. First,
tensiometry tests with the Wilhelmy method revealed that the presence of CNC on flax
fibres decreased by 29% the polar component of their surface free energy, compared to raw
flax fibres. The work of adhesion and so the wettability between flax fibres and the apolar
PP matrix (with or without incorporation of MAPP) was determined at 190 ◦C (related to
processing conditions). Based on the Wu approach, it was shown that the work of adhesion
increased by around 2.4% with XG/CNC, 5.4% with MAPP and XG/CNC, 6.5% with CNC
and 9.5% with MAPP and CNC compared to the PP/flax composite (Figure 23a). Moreover,
combining XG/CNC modified interphases with a MAPP coupling agent enhanced slightly
the ultimate mechanical properties of biocomposite materials with higher uniaxial tensile
strength from 36.5 MPa to 39.4 MPa compared to the PP/flax composite (Figure 23a). An
increase of 23.2% of the work of rupture was also measured by micro-mechanical tensile
tests, compared to PP/MAPP/flax composite (Figure 23b). Furthermore, the combination
of the MAPP coupling agent and the hierarchical flax fibres modified with XG/CNC
showed modifications in the failure pattern of the biocomposite as revealed by in situ
micro-mechanical tensile SEM experiments and illustrated in Figure 23c. Indeed, the crack
propagation was more uneven with the formation of numerous micro-cracks, compared to
the quasi-linear propagation of a macro-crack for the PP/MAPP/flax composite.

The characteristics and properties of the different hierarchical biocomposites rein-
forced with bio-based nanoparticle modified natural fibres are summarized in Table 3. It
has to be mentioned that some research works not included in Table 3 are focused on the
deposition or growth of biobased nano-objects on natural fibres, but their application to
composite materials by conducting wettability or (micro-) mechanical tests with polymer
matrices was not considered [29,90,91]. Based on Table 3, it appears that promising results
were obtained at the microscopic scale with an increase of the IFSS and/or the work of
rupture. On the other hand, mechanical tests conducted at the macroscopic scale revealed
more contrasting results in terms of tensile and flexural strength. This suggests that the
preparation of such hierarchical biocomposites requires an optimization of the different
processing steps to guarantee the efficiency of the nanostructurated interphase from the
micro-scale, that is, local interfacial adhesion, up to the composite material, that is, the
resulting structural performance. This is primarily due to other microstructural parameters
that could be affected when incorporating hierarchical fibres in polymer matrices, that is,
fibre volume fraction and porosity or alignment of fibre yarns in the case of composite
laminates. Finally, the treatment procedure appears as a key, especially when considering
its scale-up for composite manufacturing. The BC growth technique gives interesting
results but its implementation in composite materials could be difficult due to the specific
conditions required to control the fermentation bio-process, that is, the culture medium, pH,
temperature, and especially the incubation time that can last for several days. In this regard,
the spontaneous adsorption of CNC or CNF on fibre surfaces appears as an interesting
approach more suitable for an industrial scale-up in composite or textile applications.
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Table 3. Hierarchical biocomposites reinforced with bio-based nanoparticle modified natural fibres: characteristics and properties.

Matrix/Fibre Nano-Objects, Treatment
Method

Properties
Ref.

Surface Properties Wettability Micro-Mechanical Test, IFSS Composite Microstructure
and Properties

PLA/sisal fibres

BC, growth on fibre surface
(3–7 days, 30 ◦C),

fermentation process
H1 Drawback: long

incubation time, decrease of
fibre tensile strength and

Young’s modulus

BC nanofibers randomly
oriented on fibre surface

–

N1 IFSS: 12.1 MPa ± 0.5→
14.6 MPa ± 1.2

Single fibre pull-out technique

Longitudinal tensile strength and
modulus:

N 44% and N 42%

Juntaro et al.,
2007 [84] and
Pommet et al.,

2008 [28]

PLA/hemp fibres –
Longitudinal tensile strength and

modulus:
H 5.2% and H 33%

CAB/sisal fibres
N IFSS:1.02 MPa ± 0.06→

1.49 MPa ± 0.03
Single fibre pull-out technique

Longitudinal tensile strength and
modulus:

N 8.1% and N 59%

CAB/hemp fibres
N IFSS: 0.76 MPa ± 0.06→

1.83 MPa ± 0.12
Single fibre pull-out technique

Longitudinal tensile strength and
modulus:

H 12% and H 32%

PLA/sisal fibres

BC, dipping in freeze-dried
BC suspension (3 days)

H Drawback: long
incubation time, decrease of

fibre tensile strength and
Young’s modulus

Surface area:
N 390% and N 670% for

“hairy” and “dense”
BC-sisal fibres, respectively

– –

“Dense” BC-sisal fibre:
Tensile strength and modulus: H 2.4%

and N5.5% resp.
Flexural strength and modulus: H 6.1%

and N 7.0% resp.
“Hairy” BC-sisal fibre:

Tensile strength and modulus: H 1.5%
and N 0.8% resp.

Flexural strength and modulus: H 3.4%
and N 2.3% resp.

Lee et al., 2012
[86]

PP/MAPP/flax
fibres

CNC and xyloglucan (XG),
dipping in aqueous

suspension

Homogeneous adsorption,
creation of an extensible
network XG/CNC at the

surface of the fibre

H fibre polarity by 29%with
CNC at the surface,
N work of adhesion

fibre/PP by combining
MAPP with XG/CNC (+
5.4%) or CNC (+ 9.5%)

N 23.2% of the work of rupture
with the treatment XG/CNC

compared to PP/MAPP/neat flax
fibres, Crack propagation more

uneven with numerous
micro-cracks (micro-tensile test in

situ SEM)

N Tensile strength: 36.5 MPa→
39.4 MPa

(MAPP coupling agent and XG/CNC)

Doineau et al.,
2020 [91] and
Doineau et al.,

2021 [94]

1 N increased values or advantages; and H decreased values or drawbacks.
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Figure 23. (a) Tensile strength by uniaxial tensile tests for the different biocomposites at 20 wt% flax fibres versus the
calculated work of adhesion Wa (Wu approach) between flax fibres and matrix; (b) work of rupture of micro-tensile tests for
two notched specimens with 20 wt% non-treated or CNC and XG/CNC modified flax fibres and PP/MAPP matrix with (c)
resulted SEM observations during crack propagation in these notched specimens (reprinted with permission from Doineau
et al., 2021 [94]).

5. Conclusions

This review highlighted the key role of nano-objects in hierarchical architectures ob-
served in biological systems such as bones, nacre, and wood. These nanoscaled-hierarchical
structures increase significantly the tensile strength and toughness of biological systems
by modifying the load transfer within their microstructure and the failure mechanisms
in interfacial regions. Based on these findings, the bio-inspired concept of hierarchical
fibres modified by nano-objects has been considered to enhance the fibre/matrix inter-
phase in man-made composite materials. The coating of synthetic and natural fibres with
nano-objects (CNTs, graphene, ZnO nanowires, nano-TiO2, nanoclay, BC, CNC, CNF)
changes their surface properties with higher roughness and specific surface area. Moreover,
nano-objects localized at the interface allow a smoother transition between the fibres and
the matrix in terms of microstructure and mechanical properties of the interphase, hence
improving the load transfer within the composite. Hierarchically nanostructured fibres
also ensure a better mechanical interlocking with the matrix and prevent fibre debonding.
Finally, nano-objects can hinder crack propagation, which follows a zig-zag path prefer-
entially at interfaces. As a result, the incorporation of hierarchical fibres in composite
materials greatly modifies their mechanical behaviour. The interfacial shear strength (IFSS)
between fibres and polymer matrix is enhanced, contributing to the better mechanical
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performance of the composites, especially their strength and toughness. Based on this
concept, fully bio-based hierarchical composites have been developed. In particular, the
deposition and/or growth of various nanocelluloses on natural fibres showed promis-
ing results with more cohesive interphases resulting in higher IFSS, tensile and flexural
strength as well as modified thermomechanical behaviour. A “repairing” or binding effect
between elementary fibres has also been pointed out for natural fibre bundles, yarns or
tapes. Nevertheless, increased voids and worst impregnation have been observed in some
cases due to thick CNC layers, resulting in a loss of the mechanical properties of the bio-
composites. Concluding, the bio-inspired concept of hierarchical structures appears as an
interesting strategy for the development of sustainable fibre reinforced composite materials
with enhanced structural properties and need to be further investigated. Developing new
processes to build-up such hierarchically nanostructured fibre reinforced composite with
long-scale interphases as those observed in biological systems could be the key. Besides,
research works could take advantage of the specific properties of nano-objects and their
functionalization to build-up functional interphases in composites with, for example, di-
electric properties or sensing/response properties to temperature, relative humidity or
strain/stress.

Author Contributions: Conceptualization, E.D., B.C., N.L.M., J.B., and J.-C.B.; validation, E.D., B.C.,
N.L.M., J.B., and J.-C.B.; resources, B.C., N.L.M., J.B., and J.-C.B.; writing—original draft preparation,
E.D., B.C., N.L.M.; writing—review and editing, E.D., B.C., N.L.M., J.B., and J.-C.B.; supervision, B.C.,
N.L.M., J.B., and J.-C.B.; project administration, B.C., N.L.M., J.B., and J.-C.B.; funding acquisition,
B.C., N.L.M., J.B., and J.-C.B. All authors have read and agreed to the published version of the
manuscript.

Funding: This PhD work was funded by IMT Mines Alès and Doctoral school GAIA. A part of
this work was supported by PolyNat Carnot Institute (Investissements d’Avenir—grant agreement
n◦ANR-16-CARN-0025-01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barthelat, F.; Rabiei, R.; Dastjerdi, A.K. Multiscale Toughness Amplification in Natural Composites. Mrs Online Proc. Libr. Arch.

2012, 1420. [CrossRef]
2. Libonati, F.; Buehler, M.J. Advanced Structural Materials by Bioinspiration. Adv. Eng. Mater. 2017, 19, 1600787. [CrossRef]
3. Malakooti, M.H.; Zhou, Z.; Spears, J.H.; Shankwitz, T.J.; Sodano, H.A. Biomimetic Nanostructured Interfaces for Hierarchical

Composites. Adv. Mater. Interfaces 2016, 3, 1500404. [CrossRef]
4. Barthelat, F. Architectured Materials in Engineering and Biology: Fabrication, Structure, Mechanics and Performance. Int. Mater.

Rev. 2015, 60, 413–430. [CrossRef]
5. Wegst, U.G.K.; Bai, H.; Saiz, E.; Tomsia, A.P.; Ritchie, R.O. Bioinspired Structural Materials. Nat. Mater. 2015, 14, 23–36. [CrossRef]
6. Studart, A.R. Biological and Bioinspired Composites with Spatially Tunable Heterogeneous Architectures. Adv. Funct. Mater.

2013, 23, 4423–4436. [CrossRef]
7. Sanchez, C.; Arribart, H.; Giraud Guille, M.M. Biomimetism and Bioinspiration as Tools for the Design of Innovative Materials

and Systems. Nat. Mater. 2005, 4, 277–288. [CrossRef]
8. Li, M.; Miao, Y.; Zhai, X.; Yin, Y.; Zhang, Y.; Jian, Z.; Wang, X.; Sun, L.; Liu, Z. Preparation of and Research on Bioinspired

Graphene Oxide/Nanocellulose/Polydopamine Ternary Artificial Nacre. Mater. Des. 2019, 181, 107961. [CrossRef]
9. Duan, J.; Gong, S.; Gao, Y.; Xie, X.; Jiang, L.; Cheng, Q. Bioinspired Ternary Artificial Nacre Nanocomposites Based on Reduced

Graphene Oxide and Nanofibrillar Cellulose. Acs Appl. Mater. Interfaces 2016, 8, 10545–10550. [CrossRef]
10. Dimas, L.S.; Buehler, M.J. Influence of Geometry on Mechanical Properties of Bio-Inspired Silica-Based Hierarchical Materials.

Bioinspir. Biomim. 2012, 7, 036024. [CrossRef]
11. Du, J.; Niu, X.; Rahbar, N.; Soboyejo, W. Bio-Inspired Dental Multilayers: Effects of Layer Architecture on the Contact-Induced

Deformation. Acta Biomater. 2013, 9, 5273–5279. [CrossRef]

http://doi.org/10.1557/opl.2012.714
http://doi.org/10.1002/adem.201600787
http://doi.org/10.1002/admi.201500404
http://doi.org/10.1179/1743280415Y.0000000008
http://doi.org/10.1038/nmat4089
http://doi.org/10.1002/adfm.201300340
http://doi.org/10.1038/nmat1339
http://doi.org/10.1016/j.matdes.2019.107961
http://doi.org/10.1021/acsami.6b02156
http://doi.org/10.1088/1748-3182/7/3/036024
http://doi.org/10.1016/j.actbio.2012.08.034


Polymers 2021, 13, 804 32 of 34

12. Opdenbosch, D.V.; Fritz-Popovski, G.; Paris, O.; Zollfrank, C. Silica Replication of the Hierarchical Structure of Wood with
Nanometer Precision. J. Mater. Res. 2011, 26, 1193–1202. [CrossRef]

13. Gupta, H.S.; Seto, J.; Wagermaier, W.; Zaslansky, P.; Boesecke, P.; Fratzl, P. Cooperative Deformation of Mineral and Collagen in
Bone at the Nanoscale. Proc. Natl. Acad. Sci. USA 2006, 103, 17741–17746. [CrossRef]

14. Weiner, S.; Wagner, H.D. The Material Bone: Structure-Mechanical Function Relations. Annu. Rev. Mater. Sci. 1998, 28, 271–298.
[CrossRef]

15. Müller, U.; Gindl-Altmutter, W.; Konnerth, J.; Maier, G.A.; Keckes, J. Synergy of Multi-Scale Toughening and Protective
Mechanisms at Hierarchical Branch-Stem Interfaces. Sci. Rep. 2015, 5, 1–9. [CrossRef]

16. Ehlert, G.J.; Galan, U.; Sodano, H.A. Role of Surface Chemistry in Adhesion between ZnO Nanowires and Carbon Fibers in
Hybrid Composites. Acs Appl. Mater. Interfaces 2013, 5, 635–645. [CrossRef]

17. Galan, U.; Lin, Y.; Ehlert, G.J.; Sodano, H.A. Effect of ZnO Nanowire Morphology on the Interfacial Strength of Nanowire Coated
Carbon Fibers. Compos. Sci. Technol. 2011, 71, 946–954. [CrossRef]

18. Karger-Kocsis, J.; Mahmood, H.; Pegoretti, A. Recent Advances in Fiber/Matrix Interphase Engineering for Polymer Composites.
Prog. Mater. Sci. 2015, 73, 1–43. [CrossRef]

19. Karger-Kocsis, J.; Mahmood, H.; Pegoretti, A. All-Carbon Multi-Scale and Hierarchical Fibers and Related Structural Composites:
A Review. Compos. Sci. Technol. 2020, 186, 107932. [CrossRef]

20. Sharma, M.; Gao, S.; Mäder, E.; Sharma, H.; Wei, L.Y.; Bijwe, J. Carbon Fiber Surfaces and Composite Interphases. Compos. Sci.
Technol. 2014, 102, 35–50. [CrossRef]

21. Chen, L.; Jin, H.; Xu, Z.; Li, J.; Guo, Q.; Shan, M.; Yang, C.; Wang, Z.; Mai, W.; Cheng, B. Role of a Gradient Interface Layer in
Interfacial Enhancement of Carbon Fiber/Epoxy Hierarchical Composites. J. Mater. Sci. 2015, 50, 112–121. [CrossRef]

22. Garcia, E.J.; Wardle, B.L.; John Hart, A.; Yamamoto, N. Fabrication and Multifunctional Properties of a Hybrid Laminate with
Aligned Carbon Nanotubes Grown In Situ. Compos. Sci. Technol. 2008, 68, 2034–2041. [CrossRef]

23. Kepple, K.L.; Sanborn, G.P.; Lacasse, P.A.; Gruenberg, K.M.; Ready, W.J. Improved Fracture Toughness of Carbon Fiber Composite
Functionalized with Multi Walled Carbon Nanotubes. Carbon 2008, 46, 2026–2033. [CrossRef]

24. Wang, W.X.; Takao, Y.; Matsubara, T.; Kim, H.S. Improvement of the Interlaminar Fracture Toughness of Composite Laminates by
Whisker Reinforced Interlamination. Compos. Sci. Technol. 2002, 62, 767–774. [CrossRef]

25. Idumah, C.I.; Hassan, A. Emerging Trends in Eco-Compliant, Synergistic, and Hybrid Assembling of Multifunctional Polymeric
Bionanocomposites. Rev. Chem. Eng. 2016, 32, 305–361. [CrossRef]

26. Saba, N.; Jawaid, M.; Asim, M. Recent advances in nanoclay/natural fibers hybrid composites. In Nanoclay Reinforced Polymer
Composites: Natural Fibre/Nanoclay Hybrid Composites; Jawaid, M., Qaiss, A.e.K., Bouhfid, R., Eds.; Engineering Materials; Springer:
Singapore, 2016; pp. 1–28. ISBN 978-981-10-0950-1.

27. Lee, K.-Y.; Delille, A.; Bismarck, A. Greener surface treatments of natural fibres for the production of renewable composite
materials. In Cellulose Fibers: Bio- and Nano-Polymer Composites; Kalia, S., Kaith, B.S., Kaur, I., Eds.; Springer: Berlin/Heidelberg,
Germany, 2011; pp. 155–178. ISBN 978-3-642-17369-1.

28. Pommet, M.; Juntaro, J.; Heng, J.Y.Y.; Mantalaris, A.; Lee, A.F.; Wilson, K.; Kalinka, G.; Shaffer, M.S.P.; Bismarck, A. Surface
Modification of Natural Fibers Using Bacteria: Depositing Bacterial Cellulose onto Natural Fibers To Create Hierarchical Fiber
Reinforced Nanocomposites. Biomacromolecules 2008, 9, 1643–1651. [CrossRef] [PubMed]

29. Dai, D.; Fan, M. Green Modification of Natural Fibres with Nanocellulose. Rsc. Adv. 2013, 3, 4659. [CrossRef]
30. Rho, J.-Y.; Kuhn-Spearing, L.; Zioupos, P. Mechanical Properties and the Hierarchical Structure of Bone. Med. Eng. Phys. 1998, 20,

92–102. [CrossRef]
31. Weiner, S.; Traub, W.; Wagner, H.D. Lamellar Bone: Structure—Function Relations. J. Struct. Biol. 1999, 126, 241–255. [CrossRef]
32. Kamat, S.; Su, X.; Ballarini, R.; Heuer, A.H. Structural Basis for the Fracture Toughness of the Shell of the Conch Strombus Gigas.

Nature 2000, 405, 1036–1040. [CrossRef] [PubMed]
33. Jackson, A.P.; Vincent, J.F.V.; Turner, R.M.; Alexander, R.M. The Mechanical Design of Nacre. Proc. R. Soc. Lond. Ser. B Biol. Sci.

1988, 234, 415–440. [CrossRef]
34. Gershon, A.L.; Bruck, H.A.; Xu, S.; Sutton, M.A.; Tiwari, V. Multiscale Mechanical and Structural Characterizations of Palmetto

Wood for Bio-Inspired Hierarchically Structured Polymer Composites. Mater. Sci. Eng. C 2010, 30, 235–244. [CrossRef] [PubMed]
35. Landis, W.J. The Strength of a Calcified Tissue Depends in Part on the Molecular Structure and Organization of Its Constituent

Mineral Crystals in Their Organic Matrix. Bone 1995, 16, 533–544. [CrossRef]
36. Roschger, P.; Grabner, B.M.; Rinnerthaler, S.; Tesch, W.; Kneissel, M.; Berzlanovich, A.; Klaushofer, K.; Fratzl, P. Structural

Development of the Mineralized Tissue in the Human L4 Vertebral Body. J. Struct. Biol. 2001, 136, 126–136. [CrossRef]
37. Launey, M.E.; Buehler, M.J.; Ritchie, R.O. On the Mechanistic Origins of Toughness in Bone. Annu. Rev. Mater. Res. 2010, 40,

25–53. [CrossRef]
38. Peterlik, H.; Roschger, P.; Klaushofer, K.; Fratzl, P. From Brittle to Ductile Fracture of Bone. Nat. Mater. 2006, 5, 52–55. [CrossRef]
39. Nalla, R.K.; Kruzic, J.J.; Kinney, J.H.; Ritchie, R.O. Mechanistic Aspects of Fracture and R-Curve Behavior in Human Cortical

Bone. Biomaterials 2005, 26, 217–231. [CrossRef]
40. Zimmermann, E.A.; Schaible, E.; Gludovatz, B.; Schmidt, F.N.; Riedel, C.; Krause, M.; Vettorazzi, E.; Acevedo, C.; Hahn, M.;

Püschel, K.; et al. Intrinsic Mechanical Behavior of Femoral Cortical Bone in Young, Osteoporotic and Bisphosphonate-Treated
Individuals in Low- and High Energy Fracture Conditions. Sci. Rep. 2016, 6, 21072. [CrossRef]

http://doi.org/10.1557/jmr.2011.98
http://doi.org/10.1073/pnas.0604237103
http://doi.org/10.1146/annurev.matsci.28.1.271
http://doi.org/10.1038/srep14522
http://doi.org/10.1021/am302060v
http://doi.org/10.1016/j.compscitech.2011.02.010
http://doi.org/10.1016/j.pmatsci.2015.02.003
http://doi.org/10.1016/j.compscitech.2019.107932
http://doi.org/10.1016/j.compscitech.2014.07.005
http://doi.org/10.1007/s10853-014-8571-y
http://doi.org/10.1016/j.compscitech.2008.02.028
http://doi.org/10.1016/j.carbon.2008.08.010
http://doi.org/10.1016/S0266-3538(02)00052-0
http://doi.org/10.1515/revce-2015-0046
http://doi.org/10.1021/bm800169g
http://www.ncbi.nlm.nih.gov/pubmed/18491942
http://doi.org/10.1039/c3ra22196b
http://doi.org/10.1016/S1350-4533(98)00007-1
http://doi.org/10.1006/jsbi.1999.4107
http://doi.org/10.1038/35016535
http://www.ncbi.nlm.nih.gov/pubmed/10890440
http://doi.org/10.1098/rspb.1988.0056
http://doi.org/10.1016/j.msec.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30011613
http://doi.org/10.1016/8756-3282(95)00076-P
http://doi.org/10.1006/jsbi.2001.4427
http://doi.org/10.1146/annurev-matsci-070909-104427
http://doi.org/10.1038/nmat1545
http://doi.org/10.1016/j.biomaterials.2004.02.017
http://doi.org/10.1038/srep21072


Polymers 2021, 13, 804 33 of 34

41. Gao, H.; Ji, B.; Jager, I.L.; Arzt, E.; Fratzl, P. Materials Become Insensitive to Flaws at Nanoscale: Lessons from Nature. Proc. Natl.
Acad. Sci. USA 2003, 100, 5597–5600. [CrossRef]

42. Menig, R.; Meyers, M.H.; Meyers, M.A.; Vecchio, K.S. Quasi-Static and Dynamic Mechanical Response of Haliotis Rufescens
(Abalone) Shells. Acta Mater. 2000, 48, 2383–2398. [CrossRef]

43. Wang, R.Z.; Suo, Z.; Evans, A.G.; Yao, N.; Aksay, I.A. Deformation Mechanisms in Nacre. J. Mater. Res. 2001, 16, 2485–2493.
[CrossRef]

44. Song, F.; Bai, Y.L. Effects of Nanostructures on the Fracture Strength of the Interfaces in Nacre. J. Mater. Res. 2003, 18, 1741–1744.
[CrossRef]

45. Dufresne, A. Nanocellulose: From Nature to High Performance Tailored Materials; Walter de Gruyter GmbH & Co KG: Berlin, Germany,
2017; ISBN 978-3-11-048041-2.

46. Meyers, M.A.; Chen, P.-Y.; Lin, A.Y.-M.; Seki, Y. Biological Materials: Structure and Mechanical Properties. Prog. Mater. Sci. 2008,
53, 1–206. [CrossRef]

47. Le Moigne, N.; Otazaghine, B.; Corn, S.; Angellier-Coussy, H.; Bergeret, A. Surfaces and Interfaces in Natural Fibre Reinforced
Composites; SpringerBriefs in Molecular Science; Springer International Publishing: Cham, Switzerland, 2018; ISBN 978-3-319-
71409-7.

48. Ritchie, R.O. The Conflicts between Strength and Toughness. Nat. Mater. 2011, 10, 817–822. [CrossRef]
49. Mann, S. Biomineralization: Principles and Concepts in Bioinorganic Materials Chemistry; Oxford University Press: Oxford, UK, 2001;

ISBN 978-0-19-850882-3.
50. Zabihi, O.; Ahmadi, M.; Li, Q.; Shafei, S.; Huson, M.G.; Naebe, M. Carbon Fibre Surface Modification Using Functionalized

Nanoclay: A Hierarchical Interphase for Fibre-Reinforced Polymer Composites. Compos. Sci. Technol. 2017, 148, 49–58. [CrossRef]
51. Subramaniyan, A.K.; Sun, C.T. Interlaminar Fracture Behavior of Nanoclay Reinforced Glass Fiber Composites. J. Compos. Mater.

2008, 42, 2111–2122. [CrossRef]
52. Gao, S.; Zhuang, R.-C.; Zhang, J.; Liu, J.-W.; Mäder, E. Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors.

Adv. Funct. Mater. 2010, 20, 1885–1893. [CrossRef]
53. Tansan, M. Tailoring Interfacial Interactions in Fiber Reinforced Polymeric Composites by the Electrospray Deposition of

Waterborne Carbon Nanotubes. Ph.D. Thesis, Sabanci University, Istanbul, Turkey, May 2019.
54. Zakaria, M.R.; Akil, H.M.; Omar, M.F.; Kudus, M.H.A.; Sabri, F.N.A.M.; Abdullah, M.M.A.B. Woven Carbon Fiber Epoxy

Composite Laminates Reinforced With Carbon Nanotube Interlayer Using Electrospray Deposition Method. Compos. Part C Open
Access 2020, 3, 100075. [CrossRef]

55. Mayela Garcia Montes, S. Synthesis of Carbon Nanotubes on Surface of Recovered Carbon Fibers by Chemical Vapor Deposition,
as a Sizing Process to Obtain a Hybrid Material. Ph.D. Thesis, Autonomous University of Nuevo Leon, San Nicolas de los Garza,
Mexico, 2017.

56. Ehlert, G.J.; Sodano, H.A. Zinc Oxide Nanowire Interphase for Enhanced Interfacial Strength in Lightweight Polymer Fiber
Composites. Acs Appl. Mater. Interfaces 2009, 1, 1827–1833. [CrossRef]

57. Qian, H.; Bismarck, A.; Greenhalgh, E.S.; Shaffer, M.S.P. Carbon Nanotube Grafted Carbon Fibres: A Study of Wetting and Fibre
Fragmentation. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1107–1114. [CrossRef]

58. Hu, C.; Liao, X.; Qin, Q.-H.; Wang, G. The Fabrication and Characterization of High Density Polyethylene Composites Reinforced
by Carbon Nanotube Coated Carbon Fibers. Compos. Part A Appl. Sci. Manuf. 2019, 121, 149–156. [CrossRef]

59. Romanov, V.; Lomov, S.V.; Verpoest, I.; Gorbatikh, L. Inter-Fiber Stresses in Composites with Carbon Nanotube Grafted and
Coated Fibers. Compos. Sci. Technol. 2015, 114, 79–86. [CrossRef]

60. Romanov, V.S.; Lomov, S.V.; Verpoest, I.; Gorbatikh, L. Modelling Evidence of Stress Concentration Mitigation at the Micro-Scale
in Polymer Composites by the Addition of Carbon Nanotubes. Carbon 2015, 82, 184–194. [CrossRef]

61. Han, G.; Lei, Y.; Wu, Q.; Kojima, Y.; Suzuki, S. Bamboo-Fiber Filled High Density Polyethylene Composites: Effect of Coupling
Treatment and Nanoclay. J. Polym. Environ. 2008, 16, 123–130. [CrossRef]

62. Najafi, A.; Kord, B.; Abdi, A.; Ranaee, S. The Impact of the Nature of Nanoclay on Physical and Mechanical Properties of
Polypropylene/Reed Flour Nanocomposites. J. Thermoplast. Compos. Mater. 2011. [CrossRef]

63. Rozyanty, A.R.; Rozman, H.D.; Tay, G.S. Ultra-Violet Radiationcured Composites Based on Unsaturated Polyester Resin Filled
with MMT and Kenaf Bast Fiber. Adv. Mater. Res. 2011, 264–265, 712–718. [CrossRef]

64. Han, S.O.; Karevan, M.; Bhuiyan, M.A.; Park, J.H.; Kalaitzidou, K. Effect of Exfoliated Graphite Nanoplatelets on the Mechanical
and Viscoelastic Properties of Poly(Lactic Acid) Biocomposites Reinforced with Kenaf Fibers. J. Mater. Sci. 2012, 47, 3535–3543.
[CrossRef]

65. Li, Y.; Chen, C.; Xu, J.; Zhang, Z.; Yuan, B.; Huang, X. Improved Mechanical Properties of Carbon Nanotubes-Coated Flax Fiber
Reinforced Composites. J. Mater. Sci. 2015, 50, 1117–1128. [CrossRef]

66. Yang, C.; Han, R.; Nie, M.; Wang, Q. Interfacial Reinforcement Mechanism in Poly(Lactic Acid)/Natural Fiber Biocomposites
Featuring ZnO Nanowires at the Interface. Mater. Des. 2020, 186, 108332. [CrossRef]

67. Wang, H.; Xian, G.; Li, H. Grafting of Nano-TiO2 onto Flax Fibers and the Enhancement of the Mechanical Properties of the Flax
Fiber and Flax Fiber/Epoxy Composite. Compos. Part A Appl. Sci. Manuf. 2015, 76, 172–180. [CrossRef]

68. Taha, I.M.; Ziegmann, G. Potential of Sisal Reinforced Biodegradable Polylactic Acid and Polyvinyl Alcohol Composites. Available
online: https://www.scientific.net/KEM.425.167 (accessed on 21 February 2021).

http://doi.org/10.1073/pnas.0631609100
http://doi.org/10.1016/S1359-6454(99)00443-7
http://doi.org/10.1557/JMR.2001.0340
http://doi.org/10.1557/JMR.2003.0239
http://doi.org/10.1016/j.pmatsci.2007.05.002
http://doi.org/10.1038/nmat3115
http://doi.org/10.1016/j.compscitech.2017.05.013
http://doi.org/10.1177/0021998308094550
http://doi.org/10.1002/adfm.201000283
http://doi.org/10.1016/j.jcomc.2020.100075
http://doi.org/10.1021/am900376t
http://doi.org/10.1016/j.compositesa.2010.04.004
http://doi.org/10.1016/j.compositesa.2019.03.027
http://doi.org/10.1016/j.compscitech.2015.04.013
http://doi.org/10.1016/j.carbon.2014.10.061
http://doi.org/10.1007/s10924-008-0094-7
http://doi.org/10.1177/0892705711412813
http://doi.org/10.4028/www.scientific.net/AMR.264-265.712
http://doi.org/10.1007/s10853-011-6199-8
http://doi.org/10.1007/s10853-014-8668-3
http://doi.org/10.1016/j.matdes.2019.108332
http://doi.org/10.1016/j.compositesa.2015.05.027
https://www.scientific.net/KEM.425.167


Polymers 2021, 13, 804 34 of 34

69. Sbardella, F.; Lilli, M.; Seghini, M.C.; Bavasso, I.; Touchard, F.; Chocinski-Arnault, L.; Rivilla, I.; Tirillò, J.; Sarasini, F. Interface
Tailoring between Flax Yarns and Epoxy Matrix by ZnO Nanorods. Compos. Part A Appl. Sci. Manuf. 2021, 140, 106156. [CrossRef]

70. Ovalle-Serrano, S.A.; Carrillo, V.S.; Blanco-Tirado, C.; Hinestroza, J.P.; Combariza, M.Y. Controlled Synthesis of ZnO Particles on
the Surface of Natural Cellulosic Fibers: Effect of Concentration, Heating and Sonication. Cellulose 2015, 22, 1841–1852. [CrossRef]

71. Zhuang, R.-C.; Doan, T.T.L.; Liu, J.-W.; Zhang, J.; Gao, S.-L.; Mäder, E. Multi-Functional Multi-Walled Carbon Nanotube-Jute
Fibres and Composites. Carbon 2011, 49, 2683–2692. [CrossRef]

72. Cheng, Q.; Wang, S.; Harper, D.P. Effects of Process and Source on Elastic Modulus of Single Cellulose Fibrils Evaluated by
Atomic Force Microscopy. Compos. Part A Appl. Sci. Manuf. 2009, 40, 583–588. [CrossRef]

73. Foster, E.J.; Moon, R.J.; Agarwal, U.P.; Bortner, M.J.; Bras, J.; Camarero-Espinosa, S.; Chan, K.J.; Clift, M.J.D.; Cranston, E.D.;
Eichhorn, S.J.; et al. Current Characterization Methods for Cellulose Nanomaterials. Chem. Soc. Rev. 2018, 47, 2609–2679.
[CrossRef] [PubMed]

74. Dufresne, A. Nanocellulose: A New Ageless Bionanomaterial. Mater. Today 2013, 16, 220–227. [CrossRef]
75. Iguchi, M.; Yamanaka, S.; Budhiono, A. Review Bacterial Cellulose—A Masterpiece of Nature’s Arts. J. Mater. Sci. 2000, 35,

261–270. [CrossRef]
76. Lee, K.-Y.; Buldum, G.; Mantalaris, A.; Bismarck, A. More Than Meets the Eye in Bacterial Cellulose: Biosynthesis, Bioprocessing,

and Applications in Advanced Fiber Composites. Macromol. Biosci. 2014, 14, 10–32. [CrossRef] [PubMed]
77. Czaja, W.; Romanovicz, D.; Brown, R.M. Structural Investigations of Microbial Cellulose Produced in Stationary and Agitated

Culture. Cellulose 2004, 11, 403–411. [CrossRef]
78. Guhados, G.; Wan, W.; Hutter, J.L. Measurement of the Elastic Modulus of Single Bacterial Cellulose Fibers Using Atomic Force

Microscopy. Langmuir 2005, 21, 6642–6646. [CrossRef] [PubMed]
79. Chen, Y.; Zhou, X.; Yin, X.; Lin, Q.; Zhu, M. A Novel Route to Modify the Interface of Glass Fiber-Reinforced Epoxy Resin

Composite via Bacterial Cellulose. Int. J. Polym. Mater. Polym. Biomater. 2014, 63, 221–227. [CrossRef]
80. Asadi, A.; Miller, M.; Moon, R.J.; Kalaitzidou, K. Improving the Interfacial and Mechanical Properties of Short Glass Fiber/Epoxy

Composites by Coating the Glass Fibers with Cellulose Nanocrystals. Express Polym. Lett. 2016, 10, 587–597. [CrossRef]
81. Shariatnia, S.; Kumar, A.V.; Kaynan, O.; Asadi, A. Hybrid Cellulose Nanocrystal-Bonded Carbon Nanotubes/Carbon Fiber

Polymer Composites for Structural Applications. Acs Appl. Nano Mater. 2020, 3, 5421–5436. [CrossRef]
82. Kumar, A.; Shariatnia, S.; Asadi, A. Cellulose Nanocrystals Assisted Process to Integrate Carbon Nanotubes in CFRP Composites.

In Proceedings of the AIAA Scitech 2020 Forum, Orlando, FL, USA, 6–10 January 2020; American Institute of Aeronautics and
Astronautics: Reston, VA, USA, 2020.

83. Acera Fernández, J.; Le Moigne, N.; Caro-Bretelle, A.S.; El Hage, R.; Le Duc, A.; Lozachmeur, M.; Bono, P.; Bergeret, A. Role
of Flax Cell Wall Components on the Microstructure and Transverse Mechanical Behaviour of Flax Fabrics Reinforced Epoxy
Biocomposites. Ind. Crop. Prod. 2016, 85, 93–108. [CrossRef]

84. Juntaro, J.; Pommet, M.; Mantalaris, A.; Shaffer, M.; Bismarck, A. Nanocellulose Enhanced Interfaces in Truly Green Unidirectional
Fibre Reinforced Composites. Compos. Interfaces 2007, 14, 753–762. [CrossRef]

85. Juntaro, J.; Pommet, M.; Kalinka, G.; Mantalaris, A.; Shaffer, M.S.P.; Bismarck, A. Creating Hierarchical Structures in Renewable
Composites by Attaching Bacterial Cellulose onto Sisal Fibers. Adv. Mater. 2008, 20, 3122–3126. [CrossRef]

86. Lee, K.-Y.; Bharadia, P.; Blaker, J.J.; Bismarck, A. Short Sisal Fibre Reinforced Bacterial Cellulose Polylactide Nanocomposites
Using Hairy Sisal Fibres as Reinforcement. Compos. Part A Appl. Sci. Manuf. 2012, 43, 2065–2074. [CrossRef]

87. Lee, K.-Y.; Ho, K.K.C.; Schlufter, K.; Bismarck, A. Hierarchical Composites Reinforced with Robust Short Sisal Fibre Preforms
Utilising Bacterial Cellulose as Binder. Compos. Sci. Technol. 2012, 72, 1479–1486. [CrossRef]

88. Dong, S.; Gauvin, R. Application of Dynamic Mechanical Analysis for the Study of the Interfacial Region in Carbon Fiber/Epoxy
Composite Materials. Polym. Compos. 1993, 14, 414–420. [CrossRef]

89. Le Moigne, N.; Longerey, M.; Taulemesse, J.-M.; Bénézet, J.-C.; Bergeret, A. Study of the Interface in Natural Fibres Reinforced
Poly(Lactic Acid) Biocomposites Modified by Optimized Organosilane Treatments. Ind. Crop. Prod. 2014, 52, 481–494. [CrossRef]

90. Ghasemi, S.; Tajvidi, M.; Bousfield, D.W.; Gardner, D.J. Reinforcement of Natural Fiber Yarns by Cellulose Nanomaterials: A
Multi-Scale Study. Ind. Crop. Prod. 2018, 111, 471–481. [CrossRef]

91. Doineau, E.; Bauer, G.; Ensenlaz, L.; Novales, B.; Sillard, C.; Bénézet, J.-C.; Bras, J.; Cathala, B.; Le Moigne, N. Adsorption of
Xyloglucan and Cellulose Nanocrystals on Natural Fibres for the Creation of Hierarchically Structured Fibres. Carbohydr. Polym.
2020, 248, 116713. [CrossRef] [PubMed]

92. Park, Y.B.; Cosgrove, D.J. Xyloglucan and Its Interactions with Other Components of the Growing Cell Wall. Plant Cell Physiol.
2015, 56, 180–194. [CrossRef] [PubMed]

93. Benselfelt, T.; Cranston, E.D.; Ondaral, S.; Johansson, E.; Brumer, H.; Rutland, M.W.; Wågberg, L. Adsorption of Xyloglucan onto
Cellulose Surfaces of Different Morphologies: An Entropy-Driven Process. Biomacromolecules 2016, 17, 2801–2811. [CrossRef]

94. Doineau, E.; Coqueugniot, G.; Pucci, M.F.; Caro, A.-S.; Cathala, B.; Bénézet, J.-C.; Bras, J.; Le Moigne, N. Hierarchical Thermoplastic
Biocomposites Reinforced with Flax Fibres Modified by Xyloglucan and Cellulose Nanocrystals. Carbohydr. Polym. 2021, 254,
117403. [CrossRef] [PubMed]

http://doi.org/10.1016/j.compositesa.2020.106156
http://doi.org/10.1007/s10570-015-0620-4
http://doi.org/10.1016/j.carbon.2011.02.057
http://doi.org/10.1016/j.compositesa.2009.02.011
http://doi.org/10.1039/C6CS00895J
http://www.ncbi.nlm.nih.gov/pubmed/29658545
http://doi.org/10.1016/j.mattod.2013.06.004
http://doi.org/10.1023/A:1004775229149
http://doi.org/10.1002/mabi.201300298
http://www.ncbi.nlm.nih.gov/pubmed/23897676
http://doi.org/10.1023/B:CELL.0000046412.11983.61
http://doi.org/10.1021/la0504311
http://www.ncbi.nlm.nih.gov/pubmed/15982078
http://doi.org/10.1080/00914037.2013.830250
http://doi.org/10.3144/expresspolymlett.2016.54
http://doi.org/10.1021/acsanm.0c00785
http://doi.org/10.1016/j.indcrop.2016.02.047
http://doi.org/10.1163/156855407782106573
http://doi.org/10.1002/adma.200703176
http://doi.org/10.1016/j.compositesa.2012.06.013
http://doi.org/10.1016/j.compscitech.2012.06.014
http://doi.org/10.1002/pc.750140508
http://doi.org/10.1016/j.indcrop.2013.11.022
http://doi.org/10.1016/j.indcrop.2017.11.016
http://doi.org/10.1016/j.carbpol.2020.116713
http://www.ncbi.nlm.nih.gov/pubmed/32919547
http://doi.org/10.1093/pcp/pcu204
http://www.ncbi.nlm.nih.gov/pubmed/25613914
http://doi.org/10.1021/acs.biomac.6b00561
http://doi.org/10.1016/j.carbpol.2020.117403
http://www.ncbi.nlm.nih.gov/pubmed/33357891

	Introduction 
	Naturally Occurring Hierarchical Structures: Towards the Conception of Bio-Inspired Architectures for Composite Materials 
	Hierarchical Structures in Biological Systems 
	Towards the Conception of Hierarchical Composite Materials Using Nano-Objects 

	Hierarchical Interphase in Fully Synthetic and Hybrid Fibre Reinforced Composites 
	Fully Synthetic Hierarchical Fibre Reinforced Composites 
	Hybrid Hierarchical Fibre Reinforced Composites 
	Hierarchical Natural Fibres Modified by Synthetic/Mineral Nanoparticles 
	Hierarchical Synthetic Fibres Modified by Bio-Based Nanoparticles 


	Hierarchical Interphase in Natural Fibre Reinforced Biocomposites 
	Hierarchical Natural Fibres Modified by Bacterial Cellulose 
	Hierarchical Natural Fibres Modified by Cellulose Nanocrystals (CNC) or Cellulose Nanofibrils (CNF) 

	Conclusions 
	References

