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networks with strong interactions

Stergios Goutianosa, Rui Maob, Ton Peijsb,∗
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Abstract

The mechanical response of cellulose nanopaper composites is investigated
using a three-dimensional (3D) finite element fibrous network model with
focus on the effect of inter-fibre bonds. It is found that the Young’s modulus
and strength, for fixed fibre properties, are mainly controlled by the density
and strength of the inter-fibre bonds. An increase of the inter-fibre bond den-
sity and inter-fibre bond strength results in an increase of both the Young’s
modulus and strength of the fibrous network materials. The fracture energy
of the inter-fibre bonds has a minor effect on the mechanical properties of
the cellulose nanopapers. The inter-fibre bond properties and density have
a minor effect on the strain to failure of the cellulose nanopaper. The effect
of the fibre properties, through the ratio of fibre tensile strength to fibre
Young’s modulus, has also a significant impact on mechanical response of
the network including the strain to failure.

Keywords: Nanocellulose; Nanopaper; Inter-fibre bonds

1. Introduction

Cellulose nanofibres are the main reinforcement in plants and can be ex-
tracted from plant cell walls through either enzymatic or chemical pretreat-
ments followed by mechanical disintegration (Henriksson et al., 2007; Saito
et al., 2007). Cellulose nanofibres are characterised by their high strength and

∗Corresponding author
Email address: t.peijs@qmul.ac.uk (Ton Peijs)

Preprint submitted to Elsevier December 15, 2017



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

possess numerous hydroxyl groups on their surfaces. Free-standing cellulose
nanopaper was developed from cellulose nanofibres connected by hydrogen
bonding and van der Waals interactions (Henriksson et al., 2008). Cellulose
nanopaper consists of a dense fibrous network and has improved mechanical
properties compared to conventional paper. Typically, the elastic moduli of
cellulose nanopapers were reported to be in the order of 12 GPa (Sehaqui
et al., 2010; Mtibe et al., 2015; Retegi et al., 2010; Chun et al., 2011) com-
pared to 3-4 GPa for conventional paper (Mao et al., 2017b). Nanopapers
made from bacterial cellulose (Iguchi et al., 2000; Gea et al., 2010) or cel-
lulose nanowiskers extracted from wood fibres (Wu et al., 2007) can have
tensile strengths as high as 250 MPa which is significantly higher than the
strength of conventional paper (∼ 50 MPa). Apart from the enhanced me-
chanical properties, cellulose nanopaper can be optical transparent (Nogi
et al., 2009), has low thermal expansion (Huang et al., 2013) and excellent
improved gas barrier properties (Syverud and Stenius, 2009). As a result
materials based on cellulose fibrous networks have in recent years received
significant attention (Eichhorn et al., 2010; Berglund and Peijs, 2010; Arevalo
et al., 2010; Arevalo and Peijs, 2016).

It has been argued that the superior mechanical properties of the cellulose
nanopaper are due to the stronger and stiffer nanofibres and equally impor-
tant due to the enhanced inter-fibre connectivity (Henriksson et al., 2008).
A key concept to obtain materials with high mechanical properties is to in-
crease the intramolecular-bonding network, which is achieved by increasing
the specific-surface area of the fibres. A promising way to create increase the
cellulose network density is through the use of nanocellulose. In contrast, the
low mechanical properties of conventional paper, consisting of pulp fibres at
the micron scale, are attributed to weak fibres and particularly due to the
weak fibre-fibre interconnections. Thus, it is argued that the main difference
which leads to improved mechanical properties of the cellulose nanopaper is
that in this case the fibrous network structure is at the nanoscale rather than
the microscale (Berglund and Peijs, 2010).

The aim of the present work is to examine this assumption i.e. to show
if the improved mechanical properties of cellulose nanopaper are due to the
increased inter-fibre connectivity which in turn originates from the increased
specific-surface area of the fibres (nanoscale). This hypothesis is investigated
in the current paper by a three-dimensional finite element model.

A difficulty in the modelling of cellulose nanopapers arises from the lim-
ited experimental data available for the fibre and interfacial properties at
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the nancoscale and the uncertainty of the measurements. Meyer and Lotmar
(1936), using a theoretical model, obtained a value of 120 GPa for the crystal
modulus of cellulose. Similar values were measured experimentally by X-ray
diffraction (Sakurada et al. (1962); Nishino et al. (1995)). Lyons (1959) ob-
tained a value of 180 GPa by rectifying the model of Meyer and Lotmar
(1936). Later, Treloar (1960) further corrected the model of Lyons (1959)
and reported a value of 56 GPa. This low value is attributed to the absence of
intramolecular hydrogen bonds in the cellulose structure model. Further ex-
perimental studies (Matsuo et al. (1990)) and theoretical approaches (Tashiro
and Kobayashi (1991); Marhofer et al. (1996)) for this crystal modulus of cel-
lulose, resulted in values in the range of 100-160 GPa. The crystal modulus
of cellulose defines an upper limit for the modulus of cellulose nanofibres.

A wide range for the elastic modulus of cellulose nanofibres has been re-
ported. Rusli and Eichhorn (2008), using Raman spectroscopy, estimated
the Young’s modulus of cellulose whiskers in the range of 57 GPa to 105
GPa. Iwamoto et al. (2009) measured in three-point bending, using Atomic
Force Microscopy, the Young’s modulus of single microfibrils of tunicate cel-
lulose between 114 GPa and 180 GPa. Using the same technique, Guhados
et al. (2005) measured the Youngs modulus of bacterial cellulose fibers in
the range of 61 GPa to 95 GPa. Hsieh et al. (2008) estimated, using Ra-
man spectroscopy, the Young’s modulus of bacterial cellulose nanofibres to
be 114 GPa. A considerably higher Young’s modulus, 220 GPa, was re-
ported by Diddens et al. (2008). The Young’s modulus of cellulose (from
flax) microfibrils was measured by inelastic X-ray scattering.

Experimental data on the mechanical strength of individual cellulose
nanofibres are limited. Saito et al. (2013) have recently reported the strength
of single cellulose nanofibres via sonification-induced fragmentation. The
mean strength for wood nanofibres was 1.6 GPa and for tunicate nanofibres
3.2 GPa.

Table 1 provides a summary of the experimental results mentioned above.
The tensile properties (Youngs modulus and strength) are given for the cel-
lulose crystal, cellulose nanofibre, and cellulose nanopaper. For comparison
purposes, the properties of conventional paper are also included.

To the best of our knowledge, data for the bond strength between the
cellulose nanofibres or the inter-fibre bond density are not available. Since,
therefore, many of the material properties at the nanoscale such as inter-fibre
bond density, inter-fibre bond strength, nanofibre strength and nanofibre
orientation etc are unknown or a wide range of values is reported, we will use
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a parametric study to show the effect of inter-fibre bonds on the mechanical
properties of fibrous networks with strong interactions.

This approach is followed in most of the early works on fibrous networks
(usually conventional paper) to evaluate the contribution of the factors men-
tioned above. In most cases, two-dimensional networks were employed. In
these models fibres are modelled by beam or truss elements whereas differ-
ent methods were used to model the connection between the fibres (Koh and
Oyen, 2012; Lee and Jasiuk, 2013; Heyden and Gustafsson, 1998; Bronkhorst,
2003; Hägglund and Isaksson, 2008; Mao et al., 2017a). Heyden and Gustafs-
son (1998) the bonds modelled with non-linear springs. Koh and Oyen (2012)
assumed that the bonds are rigid. The same assumption was adopted by
Bronkhorst (2003); Mao et al. (2017a). In a limited number of studies, bond
fracture was included. In the two-dimensional model of Hägglund and Isaks-
son (2008), bond fractures occur if the energy stored in the bond exceeds a
certain threshold value. Kulachenko and Uesaka (2012), used for the mod-
elling of ”wet” fibre networks a non-linear contact law (frictional 3D beam-
to-beam contact) to describe fibre-fibre interaction with bond failure at a
threshold value. In our model, we use a three-dimensional network using
also beam elements for the fibres. Damage and failure in the network is
accounted for by allowing the fibres to fail and by modelling the bonds be-
tween the fibres as one-dimensional cohesive elements (or non-linear springs
with damage). The mechanical response of the bonds has many similarities
to the contact law in the ”wet” fibre networks of Kulachenko and Uesaka
(2012). However, the nanocellulose network can be considered as a ”dry”
fibrous network, and thus a) once a bond is broken, there is no residual fibre
interaction, and b) bonds can not be recovered. These characteristics are
included in the material law used for the bonds in the current study.

2. Modeling of fibrous networks

2.1. Construction of fibrous network

A common technique to create a network of fibres is the deposition tech-
nique of Niskanen and Alava (1994) where the fibres are deposited one by one
on a flat surface. Once the surface is covered by fibres, the next deposited
fibres bend and conform to the underlying fibres. A somewhat different tech-
nique is followed in the present work, allowing a more random distribution
in all directions and more fibre entanglements.
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A Python script was written to initially randomly place straight nanofi-
bres (the fibre length, Lf , is constant and equal to 12 µm for all simulations)
inside a cube as shown in Fig. 1, and write out a file compatible with the
Abaqus commercial finite element code (Abaqus, 2016). The length of the
cube is 3.33 Lf along the x direction, 2.50 Lf in the y direction and 10.00 Lf

along the z direction. During placement of the nanofibres, some nanofibres
stick out of the cube. These nanofibres are redeposited inside the cube at
a new random position through an iterative process. Similarly, overlapping
fibres are repositioned to remove overlapping. As can be seen, the initial fibre
distribution is random in all three planes x− y, x− z, and y− z. Then loads
and boundary conditions are applied. All the faces of the cube except the top
face are fixed. The top face moves along the negative y direction at a speed
u. At the same time a gravity load, g, is applied to the nanofibres. Fric-
tionless contact is defined between the fibres and between the fibres and the
faces of the cube. The multiple body contact between the fibres and between
the fibres and the walls of the cube introduces an additional randomness.
Each fibre is a chain of second-order, three-dimensional (Timoshenko) beam
elements and has a circular cross-section. The shortest beam element has
a length to radius ratio equal to 5. The cube faces are modelled as rigid
surfaces. An explicit solver is used to solve the problem of Fig. 1.

The result is a compacted three-dimensional fibre network. Two examples
are given in Fig. 2. The distribution and the degree of entanglement of the
fibres depends both on the initial fibre distribution, the applied speed, u,
and the load, g. The effect of the speed, u, can be seen in Fig. 2. Fig.
2a shows a uniform fibre network and Fig. 2b an inhomogeneous fibre net-
work with local preferred fibre orientations in the boundaries of the network.
It should be mentioned, that even in the fibre network of Fig. 2a, a zone
with local preferred fibre orientation exists in the edges of the network. The
length of this zone is between 1-2% of the network width, w (see Section
2.2). An additional parameter influencing the final fibre network structure
is the artificial Young’s modulus of the fibres. A stiff fibre will result in a
fibre network with more straight fibres, whereas a low Young’s modulus will
result in more bent fibres. A value of 100 GPa was used for all simulations to
create the compacted fibre networks. Fig. 3 depicts an example of an actual
(3D view) fibre network by rendering the beam elements. In this case the
applied speed is higher than the examples given in Fig. 3 resulting in bent
or curved fibres. Since, the fibres in the compacted fibre network are highly
curved, the average effective fibre length is smaller than Lf , and thus the
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shortest model size is larger than 2.5 Lf . It should be noted, that even in
this case the model size is relatively small. According to Shahsavari and Picu
(2013) such a small model size can have a large impact on the stiffness and
thus on the failure properties of the fibre network. Failure can be triggered in
the zone with the local preferred fibre orientation (edge/ boundary effects).
In the present study, the ratio of the bending to the axial stiffness of the
fibres is larger than the values examined by Shahsavari and Picu (2013) and
in combination with the significantly larger number of inter-fibre bonds (see
below), it is expected that the size effects are weak even if the model size is
small.

The compacted fibre network (deformed mesh) is then exported to a sec-
ond finite element model where the bonds are added (see Fig. 4). Since
only the deformed mesh is used, there are no residual stresses present in the
second model. This also implies that in the current approach, the bonds /
interactions between the fibres during compaction or consolidation process
are not taken into account. A python script is written to create the bonds
based on the distance between two neighboring fibres. The script uses the k-
d tree algorithm to efficiently search all fibres in the model and create bonds
between them. A bond connects two fibres at nodal locations. A lower (dis-
tance) limit, Ll, prevents the creation of small (bond) elements that would
create numerical problems. The lower limit, Ll, is set equal to 0.5 rf . An
upper (distance) limit or interaction radius , Lu, sets the distance beyond
which one fibre does not interact with another fibre. The higher the Lu is,
the more interconnected the fibre network is. The script writes out the bonds
as linear truss elements e.g. the two nodes connect two fibres at their nodal
locations. A number of bonds (truss elements) can share the same fibre node
as can be seen in Fig. 4.

The bond density, ρb, is defined as:

ρb =
nobonds
Lw

(1)

where nobonds is the number of inter-fibre bonds in the network. Lw is
the surface of the fibre network shown in Fig. 5.

The number of fibres in the compacted networks varies with the fibre
radius and fibre volume fraction. For a fibre radius, rf , equal to 0.06 µm,
the number of fibres varies from ∼ 5300 to ∼ 6960 when the fibre volume
increases from 60% to 80% (see Sections 3.2 and 3.3). The number of bonds
increases from ∼ 5.5e6 to ∼ 9.5e6, respectively. The initial fibre volume con-
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centration is ∼ 0.5% when the number of fibres is ∼ 5300 and ∼ 0.65% when
the number of fibres is ∼ 6960. For a fibre radius, rf , equal to 0.1 µm, and
a number of fibres equal to ∼ 2060, the number of bonds increases from ∼
1.0e6 to ∼ 3.0e6, when Lu/rf increases from 4 to 6 (see Section 3.4). The
initial fibre volume concentration is ∼ 0.54%.

2.2. Finite element model

The fibre network, including the bonds, is used to build the three-dimensional
model shown in Fig. 5. There are two regions, called solid, where the bound-
ary conditions are applied. At x = 0, the displacement in the x direction is
zero. Two nodes are constrained in the y direction, and one node in the z
direction. External load is applied by prescribing non-zero displacements, in
x direction, at the other end of the specimen.

Between the solid elements (linear reduced integration elements) and the
fibre network, there are two embedded regions (Abaqus, 2016), which are
shown in details in Fig. 6. A number of beam elements lie embedded in a
group of solid elements (linear reduced integration elements) whose deforma-
tion constrain the translational degrees of freedom of the embedded nodes
of the fibres. In this way, the deformation applied to the solid elements is
transferred to the fibre network. The solid and the embedded regions (see
Fig. 5) are tied together along through tie constraints (Abaqus, 2016).

Convergence difficulties are commonly observed when modelling fracture
or damage with implicit finite element (FE) methods. A number of numeri-
cal stability methods exist to overcome these difficulties, however an explicit
FE method is more robust (Belytschko et al., 2000). In the present study,
an explicit solver was used to solve the problem under quasi-static condi-
tions using mass-scaling. In all simulations, it was ensured that the sum of
the kinetic energy and the energy dissipated by viscosity (viscous damping
included in Abaqus/Explicit) was less than 0.5% of the strain energy.

2.3. Materials laws

2.3.1. Solid regions/elements

The solid regions are modelled as linear isotropic elastic solids with the
Young’s modulus, Es, equal to 2Ef where Ef is the Young’s modulus of the
fibres. The solid (host) elements in the embedded region are also modelled
as linear elastic solids with a Young’s modulus, Eh, equal to 1

20
Es. The

Poisson’s ratio is set equal to 0.3.
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2.3.2. Fibres

The nanofibres are modelled effectively as linear isotropic elastic solids,
with Young’s modulus Ef , up to the failure stress, σf , as shown in Fig. 7.
The Poisson’s ratio is equal to 0.3. Once failure occurs, the fibre stress rapidly
decreases to zero but not immediately for numerical reasons. It is assumed
that the fibres have the same properties in tension and compression. It is
expected that the compressive strength of the nanofibres is lower than their
tensile strength. However, only few nanofibres are under compression when a
tensile displacement is applied to the fibre network. The compressive stresses
in the fibres are an order of magnitude lower than the stress levels in the fibres
which are under tension. Thus, it can be argued that the assumption of
identical behaviour in tension and compression is reasonable for the problem
examined in the present work.

2.3.3. Bonds

A user defined subroutine (VUMAT) is written to describe the response
of the bonds which is shown schematically in Fig. 8. The response is a one
dimensional cohesive law acting in the direction of the bond (truss element).
As it is shown by Bao and Suo (1992) cohesive laws can be used to model
fracture at any scale, e.g. from the atomic scale to the macroscale, because
they include a length scale parameter. This response can be viewed also as a
damageable non-linear spring. The cohesive law is assumed to have a simple
bilinear shape under tension:

σ(δ) =





σb
δo
δ, for 0 ≤ δ < δo,

σb(δ − δc)
δo − δc

, for δo ≤ δ ≤ δc,

0, for δ > δc,

(2)

where σb is the cohesive strength at the opening/deformation where dam-
age initiates δo. In all simulations, δo is assumed to be equal to 0.5 rf . The
stiffness of the initial rising part is Kt = σb/δo. For δ > δo the stress drops
linearly up to δ = δc where the bond is completely broken. The area under
the stress-opening curve represents the fracture energy of the bond, Gb. The
bonds are considered irreversible, once they are broken they cannot carry
load in subsequent steps. Once the bond deformation exceeds δo, then the
stiffness Kt decreases and follows the dashed lines in Fig. 8 upon unload-
ing/loading. The use of truss elements for the bonds implies that only the
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axial stress of the bonds is considered.
It is assumed that the bonds do not fail in compression. The compressive

stiffness is Kc = 2Kt.

3. Results and Discussion

3.1. Sensitivity of fibre network properties on the network construction method

A number of fibre networks are constructed, containing the same number
of fibres, with varying a) the initial fibre distribution (see Fig. 1) and b)
the applied speed (±25% with respect to the fibre network shown Fig. 2a).
The resulting number of bonds is practically the same for the different fibre
networks (∼ ±1%). It is found that the difference in the predicted fibre
network strength is less than 1% for the various fibrous networks. Thus, the
differences in the fibre network properties in the subsequent sections, due to
variation of the network parameters or of the fibre and bond properties, are
not influenced by artifacts introduced by the approach used to create the
fibrous networks. A speed, u, equal to 0.3 mm/s (see Fig. 2a) is used to
construct the compacted fibre networks in this Section.

3.2. Effect of fibre properties

In Fig. 9 three sets of fibre properties are used a) Ef = 200 GPa and
σf = 2.0 GPa, b) Ef = 80 GPa and σf = 3.6 GPa, and c) Ef = 50 GPa
and σf = 3.6 GPa. The properties are chosen based on the existing data
in literature (see 1) regarding the Youngs modulus (Rusli and Eichhorn,
2008; Hsieh et al., 2008; Diddens et al., 2008) and the tensile strength (Saito
et al., 2013). For the first two set of properties, two networks of fibre volume
fraction equal to 60% and 70% are constructed. These fibre volume fractions
are consistent with the porosity in high performance cellulose nanopapers
between 20 and 40% (Henriksson et al., 2008). It should be mentioned that
the volume of the compacted networks is the same for all cases. The increased
fibre volume is achieved by increasing the number of fibres in the construction
of the fibrous network model (see Fig. 1).

A higher fibre strength, σf , to fibre Young’s modulus, Ef , ratio results
in a significant increase of the strain to failure. The stress-strain curves are
strongly non-linear after the initial linear elastic region. The strength values
are in the range of the experimental values reported by Henriksson et al.
(2008) for similar fibre volume fractions (porosity). However, the predicted
Young’s modulus of the fibre network is higher and the strain to failure is
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lower than their experimental results (3-10%). The predictions of Fig. 9
are closer to the results of Mao et al. (2017b) where the strain to failure of
cellulose (from softwood pulp) composites is ∼ 4.5% and to bacterial cellulose
composites (Gea et al., 2011) who reported strains to failure in the range of
1.2 to 1.6%. The differences in the experimental results could be explained
by the differences in the σf/Ef ratio when using different cellulose fibres.
Saito et al. (2013) argue that the strength of the nanofibres can be in the
order of one tenth of the elastic modulus. The ratios used here are 10 and
1.4 times lower. According to Fig. 9, an increase of the fibre strength would
result in an increase of strain to failure and to a decrease of the fibre networks
Young’s modulus approaching more the results of Henriksson et al. (2008).
However, as mentioned above, it should be noted that the aim here is not
to calibrate our model to reproduce the experimental data in literature but
rather to find the effect of inter-fibre bonds. The effect of bonds properties
is the same for the two sets of fibre properties as can be seen in Fig. 9. Thus
in the next sections the fibre properties are set equal to Ef = 200 GPa and
σf = 2.0 GPa.

3.3. Bond density increase by increasing the fibre volume fraction

Fig. 10 shows the stress-strain curves of fibre networks with different fibre
volume fractions, 60%, 70%, and 80% respectively. As above, the volume
of the compacted fibrous networks is the same for the three different fibre
volume fractions examined. To achieve a higher fibre volume fraction, the
number of fibres is increased in the construction of the fibrous network model
(see Fig. 1).

As the number of fibres increases, the bond density, ρb, increases and
therefore the Young’s modulus and strength of the network increase. A
10% increase of fibre volume fraction results in ∼ 22% increase of the fibre
network strength.It is interesting to note that strain to failure is almost
unaffected by the increase in fibre volume fraction. This is in agreement
with the experimental results of (Henriksson et al., 2008) where while the
Young’s modulus, yield stress and strength were strongly dependent on the
fibre volume fraction, the yield strain and strain to failure were independent.

The contour plots of Fig. 11 show the evolution of the inter-fibre bonds
state (contour values 0-1: δ ≤ δo, contour values 1-2: δo < δ ≤ δc, and
contour value 2: δ > δc, see Fig. 8) with increasing applied displacement.
The contours correspond to the points 1-3 of Fig. 10. In Fig. 11a the load is
less than the peak/maximum load. Except a few bonds at the free surfaces,
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the bonds are active and their stress is less than the bond peak strength
i.e. the opening of the bonds is less than δo (Fig. 8). Next, Fig. 11b
corresponds to the strength of the fibre network. It can be seen that there
are several damaged bonds (contour values 1-2 or equivalently bonds with
openings larger than δo but smaller than δc) and few locations where bonds
are broken (contour value >2 or bond openings larger than δc). With further
increasing the applied displacement (see Fig. 11c), the amount of damaged
bonds increases significantly. The regions of broken bonds extent and link
with each other, leading eventually to catastrophic failure.

Fig. 12 shows the stresses in the fibres when the peak stress in the fibre
network is reached (point 2 in Fig. 10). It can be seen that the stress level in
most of the fibres is relatively low, approximately 1/4 of the fibre strength.
In small amount of the fibres the stress is approximately 1/2 σf . From this
result and the contour plots of Fig. 11, it can argued that the strength of
the network is mainly controlled by the inter-fibre bonds.

3.4. Bond density increase by increasing the interaction radius

In this Section the effect of the inter-fibre bond density is examined for
fibre networks having the same fibre volume fraction. The bond density is
increased by increasing the interaction radius, Lu. It should be noted that
the fibre aspect ratio Lf/rf = 120 is lower than the fibre aspect ratio used
in the results presented above (Lf/rf = 200). A lower interaction radius
results in significantly lower bond densities compared to Fig. 10. Fig. 13
shows the stress-strain curves for three fibre networks with different inter-
bond densities. The bond properties e.g. strength and fracture energy are
the same. It can be seen that the Youngs modulus and tensile strength
significantly increase with increasing ρb. The strain to failure is less influenced
by the bond density. The strain to failure is larger for smaller bond densities
and failure is more gradual after the fibre network’s strength, σn, has been
reached.

The Young’s modulus variation of the fibre network with the inter-fibre
bond strength and bond density is shown in Fig. 14. The fibre volume
fraction and three-dimensional fibre distribution are the same. The fibre
network strength increases by a factor of ∼ 2.2 − 2.6, as the bond strength
increases from 1

400
σf to 1

100
σf . An increase of the bond density by 3.2 times,

results in an increase of En by a factor of 1.8-2.2 depending on the bond
strength, σb.
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Similar results, see Fig. 15, are found for the dependence of the fibre net-
work’s strength on the inter-fibre bond strength and bond density. Increasing
the bond strength by 4 times, results in an increase of the fibre network’s
strength by a factor of 1.8-2.1. The fibre network strength increases 2.1-2.3
times, when the inter-fibre bond density increases by 3.2.

A number of simulations are run with varying inter-fibre bond fracture
energy, Gb. It is found that the bond fracture energy has almost no effect
on the fibre network properties for the range examined (0.001 < Gb <0.004
N/mm). As shown above (Fig. 11), damaged bonds occur only close to
the fibre network’s ultimate tensile strength. Before this point, the bonds
respond effectively as linear springs. The bond fracture energy contributes
mainly to the post-peak response. As a result, it can be argued that the
strength of the fibre network is mainly controlled by the inter-fibre bond
strength and secondary by the inter-fibre bond fracture energy.

3.5. Bond density increase by increasing the fibre aspect ratio

A different way to increase the inter-fibre bond density is to increase the
fibre aspect ratio, Lu/rf . In Fig. 16 the effect of Lu/rf increasing from 120
to 133 is shown. The fibre aspect ratio is increased by decreasing the fibre
radius. In addition, the ratio Lu/rf is also kept constant and equal to 6.
Thus, the interaction radius is lower for the higher fibre aspect ratio fibrous
network than for the lower fibre aspect ratios. The fibre network’s strength
increases by 30% by increasing the fibre aspect ratio by 10%.

4. Concluding Remarks

The hypothesis that the remarkably high mechanical properties, espe-
cially the tensile strength, of self-binding nanocellulose based materials are
attributed to a high density of strong inter-fibre bonds is investigated using
a three-dimensional fibrous network finite element model. The model allows
irreversible failure of the fibres and of the inter-fibre bonds. It is found that
both the increase of the inter-fibre bond density and inter-fibre bond strength
result in a significant increase of the Young’s modulus and tensile strength
of the cellulose nanopapers. On the other hand, the strain to failure is not
influenced by the inter-fibre bond density and inter-fibre bond strength. The
fracture energy of the inter-fibre bonds has a only a secondary effect in the
post-failure response of these nanocellulose network materials. However, as
expected, the fibre properties, Young’s modulus and tensile strength, do not
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only affect the stiffness and strength of the nanopapers but also affect the
strain to failure.
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Tables

Table 1: Mechanical (tensile) properties1 of cellulose based materials.

Material Young’s Modulus Strength Reference
(GPa) (MPa)

Crystal 2 130 - Sakurada et al. (1962)
120-135 - Matsuo et al. (1990)

138 - Nishino et al. (1995)
220 - Diddens et al. (2008)

Nanofibre3 61-95 - Guhados et al. (2005)
57-105 - Rusli and Eichhorn (2008)

114 - Hsieh et al. (2008)
143 - Sturcova et al. (2005)

114-180 - Iwamoto et al. (2009)
79-88 - Tanpichai et al. (2012)

145-150 - Iwamoto et al. (2009)
- 1600-3200 Saito et al. (2013)

Nanopaper3,4 10.4-13.2 129-214 Henriksson et al. (2008)
9.8-10.6 87.5-182.5 Retegi et al. (2010)

10.6 212 Chun et al. (2011)
8.7 95.6 Mtibe et al. (2015)

7.6-18.8 89-207 Gea et al. (2011)
9.6-10.4 151-196 Mao et al. (2017b)

Paper3,4,5 - 45-50 Hagman and Nyg̊ards (2012)
3.7 50.2 Mao et al. (2017b)

1 Experimental measurements, 2 Cellulose I, 3 Dependent upon nanocellulose
source, 4 Different fibre volume fractions, 5 Machine direction.
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Figure 1: Initial 3D random distribution of cellulose nanofibres inside a cube. The top face
of the cube moves downwards at a speed, u, whereas the others faces are fixed. Gravity
load, g, is applied on the nanofibres and contact is defined between the fibres and between
the fibres and cube faces.
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(a) (b)

Figure 2: Compacted three-dimensional fibre networks from solving the problem of Fig. 1:
a) speed u=0.3 mm/s: uniform network, b) speed u=0.003mm/s: inhomogeneous network
with local preferred orientation.

Figure 3: Three-dimensional view of the fibre network by rendering the beams (fibres),
speed u=0.5mm/s.
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Nanofibre
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Figure 4: Detailed view of the nanofibres and the bonds between them. Rendering is not
in scale for clarity.
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Figure 5: Finite element model consisting of the fibre network, including bonds, two regions
modelled with solid elements and two intermediate zones (embedded regions) coupling the
fibre network with the solid regions. The inter-fibre bonds are not shown.
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Figure 6: Embedded regions are used to transfer the load from the solid regions (see Fig.
5) to the fibre network.
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Figure 7: Schematic illustration of the stress-strain material law of the cellulose nanofibres.
The post-failure response is exaggerated.

ddc

s
s

do

b

Kt

Kc

Gb

Figure 8: Schematic illustration of bi-linear, under tension, traction-separation law simu-
lating the mechanical response of inter-fibre bonds.
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Figure 9: Fibre network stress-strain curves for different fibre material properties. The
fibre volume fraction is Vf=60% and Vf=70%. Network properties: Lf/rf = 200, Lu/rf =
6.67. Bond properties: σb = 20MPa and Gb = 0.002N/mm.
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Figure 10: Fibre network stress-strain curves for three different fibre volume fractions.
Network properties: Lf/rf = 200 and Lu/rf = 6.67. Fibre properties: Ef = 200 GPa
and σf = 2 GPa. Bond properties: σb = 20 MPa and Gb = 0.002 N/mm.

24



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

(a)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

(b)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

(c)

Figure 11: Contour plots of the inter-fibre bond state for increasing applied displacement
(see points 1-3 in Fig. 10). 0-1: δ ≤ δo, 1-2: δo < δ ≤ δc, and 2: δ > δc. The non-zero
displacement is applied along the horizontal direction.

25



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

−2e+02
−1e+02
+0e+00
+1e+02
+2e+02
+3e+02
+4e+02
+5e+02
+6e+02
+7e+02
+8e+02
+9e+02
+1e+03

−1e+03

+3e+03

Figure 12: Contour plot of the fibre stress (MPa) corresponding to point 2 in Fig. 10.
The non-zero displacement is applied along the horizontal direction.
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Figure 13: Fibre network stress-strain curves for three different bond densities, ρb. Net-
work properties: Lf/rf = 120, Vf=65%. Fibre properties: Ef = 200 GPa and σf = 2
GPa. Bond properties: σb = 10 MPa and Gb = 0.002 N/mm.
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Figure 14: Effect of the bond strength, σb, on the nanocellulose fibre network’s Young’s
modulus, En, for three different bond densities, ρb. Network properties: Lf/rf = 120,
Vf=65%. Fibre properties: Ef = 200 GPa and σf = 2 GPa. Bond properties: Gb =
0.002N/mm.
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Figure 15: Effect of the bond strength, σb, on the nanocellulose fibre network strength,
σn, for three different bond densities, ρb. Network properties: Lf/rf = 120, Vf=65%.
Fibre properties: Ef = 200GPa and σf = 2GPa. Bond properties: σb = 10 MPa and
Gb = 0.002 N/mm.
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Figure 16: Effect of fibre aspect ratio on the nanocellulose fibre network strength, σn.
Network properties: Vf=65%. Fibre properties: Ef = 200 GPa and σf = 2 GPa. Bond
properties: σb = 10 MPa and Gb = 0.002 N/mm.
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