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SUMMARY: The reinforcement potential of cellulose 

nanocrystal (CNC) additions on an idealized                    

2-dirmensional (2-D) fiber network structure consisting 

of micron sized fiber elements was investigated. The 

reinforcement mechanism considered in this study was 

through the stiffening of the micron sized fiber elements 

via a CNC-epoxy coating. A hierarchical analytical 

modeling approach was used to estimate the elastic 

properties spanning three different structural features;  

i) micromechanics for CNC-epoxy properties,  

ii) laminate theory for fiber elements coated with CNC-

epoxy, and iii) a 2-D network model for an assembly of 

interconnected fiber elements. The extent to which CNC-

epoxy coating can stiffen a fiber element was dependent 

on the CNC volume fraction, CNC-epoxy layer thickness, 

CNC alignment, CNC aspect ratio, and the original 

stiffness of the fiber element. Calculations suggest there 

is a potential for CNC additions to stiffen network 

structures, the extent to which is strongly depending on 

the initial fiber element stiffness. Incorporation of limited 

experimental observations into the model and fiber 

element properties typical of fibers used in paper 

products, however, suggests that the enhancement of 

CNCs on a wood fiber element and thus on the network 

structure, may be limited. 
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Cellulose nanomaterials are cellulose based particles, 

having at least one dimension in the nanoscale, extracted 

from various plant materials, algae, bacteria and marine 

animals (tunicates). The resulting nanoparticle 

morphology, properties, and characteristics are dependent 

on the cellulose source and the extraction process.  Two 

types of nanoparticles extracted from trees and plants are 

cellulose nanocrystals (CNCs, ~3-5 nm wide, ~50-

500 nm in length) and cellulose nanofibrils (CNF, ~5-

50 nm wide, 500 nm to microns in length).  Here, we use 

the term cellulose nanomaterial (CNM) to broadly refer 

to all cellulose based nanoparticles. In general, CNMs 

have several characteristics that make them desirable as 

reinforcement phase, such as, relatively high aspect ratio, 

nano size-scale fibril morphology, favorable mechanical 

properties, low density, low coefficient of thermal 

expansion, and surfaces accessible to chemical 

functionalization, to name a few (Moon et al. 2011; 

Samir et al. 2005; Siro, Plackett 2010).  As a result of 

these material characteristics, CNMs have been used in 

the development of various composite materials and 

structures, such as films, foams, continuous fiber, 

microcapsules, network structures, etc.  They have been 

incorporated into many polymer systems as a 

reinforcement phase (Samir et al. 2005; Siro, Plackett 

2010), and used to produce CNM films with nano size 

scale network structures that have high stiffness and 

strength (Moon et al. 2011; Reising et al. 2012).  

CNMs have also been used for modifying the properties 

of individual natural fibers (Juntaro et al. 2008; Pommet 

et al. 2008) and micron size scale network structures, 

such as paper (Hassan et al. 2011; Joseleau et al. 2012; 

Lavoine et al. 2012; Ma et al. 2011; Sehaqui et al. 2013).  

CNMs can been added to network structures in several 

ways, such as; i) casting an aqueous suspension of CNM 

on to the surface of a preformed cellulose fiber network 

structure (Aulin et al. 2010; Lavoine et al. 2012; Ma et al. 

2011; Syverud, Stenius 2009), ii) co-mixing CNM 

materials with the micron sized pulp particles, (Hassan et 

al. 2011; Joseleau et al. 2012; Sehaqui et al. 2013) and  

iii) use CNM-polymer emulsions to penetrate preformed 

network structure and coat individual fibers and the fiber-

fiber joints (Huang et al. 2012). The majority of the 

studies investigating CNM additions to a preformed 

network structure have been with CNFs or bacterial 

cellulose (BC) materials. The addition of CNF materials 

to non-woven fiber network structures has primarily 

focused on improving barrier properties (e.g. moisture, 

oxygen permeability) (Aulin et al. 2010; Lavoine et al. 

2012; Ma et al. 2011; Syverud, Stenius 2009). The 

mechanical properties of the nonwoven networks have 

also been shown to be modified (Hassan et al. 2011; 

Joseleau et al. 2012; Sehaqui et al. 2013),  in which the 

addition of CNF via co-mixing with pulp fibers was 

shown to increase tensile strengths. The study by Sehaqui 

et al., showed that 10 vol% CNF additions resulting in an 

~60% increase in the tensile strength index, this increase 

was attributed to the increase in density of the network 

structure (i.e. lower porosity, and thus increased volume 

fraction of load bearing material). 

To the authors’ knowledge, there have been no 

modeling studies investigating the reinforcing potential of 

CNM additions to a preformed network structure 

consisting of micron sized fiber elements. In contrast, the 

reinforcement effect/potential of CNMs in polymer 

matrix composites have been investigated via various 

micromechanical models, typically using mean field 

(Halpin-Tsai, Halpin-Kardos, etc.) and percolation 

(connected CNM network within the matrix) approaches, 

as previously reviewed (Moon et al. 2011; Samir et al. 

2005). Likewise, various network/lattice modeling 

approaches have been used to assess or predict the 

properties of fiber network systems (applicable to wood 

fibers, spun fibers, and CNMs), in particular, the elastic 

(Astrom et al. 1994; Bronkhorst 2003; Liu et al. 2010; 
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Silberstein et al. 2012; Wu, Dzenis 2005), plastic 

(Bronkhorst 2003; Silberstein et al. 2012), and fracture 

properties (Liu et al. 2010). The network structures of 

paper and CNM films are inherently complicated and 

difficult to duplicate in network models, because of this 

there will always be some discrepancy in the properties 

predicted from models and what is experimentally 

measured. Nonetheless, these approaches have provided 

insight as to the role of various parameters on the 

effective network properties, such as, fiber orientation, 

fiber stiffness, network interconnectivity, network 

density, fiber-fiber joint properties, 2-dimensional (2D) 

verses 3-dimentional (3D) configurations, etc. However, 

to date these network models have not been applied to 

assess the effect of nanoparticle additions to network 

properties. It is yet unclear as how to model the 

reinforcing potential of CNMs to such network structures. 

The motivation of this study was to provide an “upper 

bound” when it comes to mechanical property 

enhancement of network structures, consisting of micron 

sized fiber elements, by the addition of CNCs. The 

relatively high mechanical properties of CNCs make it 

tempting to believe that only small amounts (e.g. 1-2 

vol%) need to be added to a network structure to vastly 

increase the network properties. Two fundamental 

questions to be answered are:  1) What is the critical 

vol% CNC additions necessary to affect the macroscopic 

network properties? 2) What is the potential maximum 

reinforcement potential of CNC additions?  With this in 

mind, an idealized model system was conceived, not to 

duplicate the structure of paper, but rather to have a 

simple platform from which it is possible to address these 

questions. 

A simple modeling approach was developed to estimate 

the reinforcement potential of CNCs (i.e. nano-sized 

particles) additions to network structures consisting of 

micron sized fiber elements. The modeling approach used 

an idealized 2-D network structure for simulating the 

elastic properties (elastic modulus and Poison’s ratio) of a 

micron size scale fiber network structure. The 

modification to the network elastic properties could occur 

via changes in stiffness of either the fiber element and/or 

the joint between overlapping fibers elements.  

Considered in this study was for the special case where 

CNC additions occurred through CNC-epoxy coating that 

preferentially bonded to the fiber elements, reinforcing 

them, which then subsequently reinforces the overall 

network structure. A micromechanical model was used to 

estimate the elastic properties of the CNC-epoxy coating, 

while laminate theory was used to estimate the elastic 

properties of an individual fiber element coated with 

CNC-epoxy. By considering both the micromechanical 

and laminate models together, an estimate of the 

achievable stiffening imparted by the CNC-epoxy coating 

on the individual fiber elements could be calculated.  The 

elastic modulus of the CNC-epoxy coated fiber element 

was then used as an input parameter for the idealized 2-D 

network model and the subsequent network elastic 

modulus and poison’s ratio were calculated 

The focus of this preliminary study was to assess the 

extent to which CNC additions could alter the elastic 

properties (elastic modulus and Poison’s ratio) of a 

network structure consisting of micron sized fiber 

elements. The CNC addition occurred through a CNC-

epoxy coating on individual fiber elements, reinforcing 

them, and thus altering the elastic properties of the 

network. The role of CNC volume fraction, aspect ratio, 

alignment, CNC-epoxy coating thickness, the network 

joint stiffness, and the fiber element stiffness on the 

elastic properties of the idealized 2-D network were also 

assessed. Though not directly related to paper, some 

insight may be gained. 

Materials and Methods  

Fiber element and CNC geometry 
The fiber element used had a width (Wf), thickness (tf), 

and length (Lf) of 30 μm, 10 μm, and 180 μm, 

respectively. The elastic modulus of the fiber element in 

the fiber direction, Ef, was either 15 GPa or 25 GPa, 

which are within the range of 5-27 GPa reported in the 

literature for southern yellow pine fibers (Mott et al. 

2002).  The CNC particles were considered to be rod-like 

having an aspect ratio, SCNC, of either 20 or 100, which 

are toward the upper range of reported values of ~5 to 70 

for CNCs extracted from wood and plant materials (Araki 

et al. 1998; Bai et al. 2009; Beck-Candanedo et al. 2005; 

Bondeson et al. 2006; Habibi et al. 2010). Note that with 

the micromechanical model used in this study, only the 

CNC aspect ratio is needed. The elastic moduli in the 

CNC longitudinal axis, ECNC = 150 GPa, was used, which 

was within the range reported (105-220 GPa) based on 

experimental measurements on CNM materials (Eichhorn 

2011; Iwamoto et al. 2009; Rusli, Eichhorn 2008; 

Sturcova et al. 2005) and model predictions of 

cellulose Iβ (Dri et al. 2013; Eichhorn 2011; Moon et al. 

2011).  A value ECNC=150 GPa should be considered an 

upper bound estimate for CNCs extrated from wood/plant 

cellulose sources, and we have used this here so that we 

can assess the upper limit of the CNC reinforcement 

potential. 

Hierarchical model development 
A hierarchical modeling approach was used to investigate 

the elastic properties of an idealized 2-D network 

structure, in which the micron sized fiber elements 

making up the network, were reinforced by the addition 

of CNC-epoxy coating. The approach utilizes several 

conventional composites modeling approaches to span 

the length scales and to develop effective continuum 

properties of the reinforced network (see Fig 1). Three 

modeling techniques were used:  i) micromechanics to 

estimate CNC-epoxy properties (i.e. the nano length 

scale), ii) laminate theory to estimate the properties of 

individual fiber elements coated with CNC-epoxy (i.e. 

the micro length scale), and iii) the idealized 2-D network 

model to estimate the properties of an assembly of 

interconnected fibers (i.e. macro length scale). Each 

modeling component is done separately.  Micro-

mechanics allows determination of the effective elastic 

properties of the CNC-epoxy composite, which are used 

as the input values within the laminate theory calculations 

for the CNC-epoxy layer coating the fiber element. 

Laminate theory provided a model to estimate the elastic 
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Fig 1 - Diagram flow of the hierarchical analytical model 
approach used in this study to investigate the contribution of 
CNC reinforcement over various length scales. 

 

properties of the CNC-epoxy coated fiber element, which 

are used as input for the fiber element properties within 

the 2-D network model. Finally, effective properties of 

the isotropic network were then determined by the finite-

element method with the element properties determined 

in the prior two steps. 

The idealized 2-D network model was chosen for 

simplicity and provides insight into the properties for 

arrays of this geometry. Despite its simplicity, this model 

allows the ability to investigate the changes in network 

properties as a result of modification in the fiber element 

properties by the CNC additions. Additionally the 

inclusion of both the micromechanical and laminate 

models allow CNC parametric-property assessment to be 

completed and thus identify achievable stiffening 

imparted by the CNC on the network.  For the parametric 

study (CNC alignment, volume fraction, aspect ratio, 

CNC-epoxy coating thickness, the network joint stiffness, 

and the fiber element stiffness), the values used for each 

parameter were intentionally chosen to be extremes, with 

the desire to identify potential upper and lower bounds.  

For example: the two extremes for the CNC alignment, 

was collimated versus random, where as in a “real” 

system the degree of CNC alignment would likely fall 

somewhere in-between these. Additionally, many other 

assumptions used in the study, from material properties, 

to interfaces properties in the micromechanical and 

laminate theory models where chosen to maximize 

properties. For example, ECNC=150 GPa and SCNC=100 

are upper estimates. The upper bound of an idealized 

network system was intentionally investigated with the 

understanding that the performance of ‘real’ network 

systems will fall below this bound, the implications of 

which are discussed. Note that for each model the 

specific assumptions used will be listed in their 

corresponding section. 

Micromechanics for CNC-epoxy composite 
Micromechanics was used to estimate the elastic 

properties of a CNC-epoxy material that would 

subsequently coat the fiber elements making up the 

network structure. It was assumed that CNC additions to 

epoxy acted as expected for conventional composites, in 

which there were no “nano effects” (i.e. nanoscale 

phenomena) altering the properties of the epoxy or the 

CNC-epoxy interface, etc.. Parameter-property 

relationships for CNC-epoxy composites are needed to 

help guide the configuration of the composite coatings 

such that it has sufficient stiffness to enhance the elastic 

properties of the fiber element. The effective elastic 

properties were estimated using Halpin-Tsai (Halpin, 

Kardos 1976) equations for discontinuous CNC with an 

assumed aligned CNC configuration, a fixed CNC aspect 

ratio, SCNC, and perfect interface between CNC and 

epoxy.  The effective Young’s modulus of CNC-epoxy 

composite measured in a direction parallel to the CNC 

alignment, Eca, was calculated by: 

   [1] 

where ECNC, Ee, VCNC, and Ve = 1-VCNC are the Young’s 

modulus, and volume fraction of CNC or epoxy, 

respectively. The reinforcement efficiency of randomly 

oriented CNC is expected to be lower than the highly 

aligned configuration.  The elastic modulus for CNCs in a 

2-D random array within the epoxy, Ecr, was taken to be 

equal to one-third the collimated CNC system (i.e. 

Ecr = 1/3 Eca), following the laminate approximation first 

suggested by Halpin and Pagano (Halpin, Pagano 1969; 

Halpin et al. 1971). Calculations were completed using 

Ee = 3.8 GPa and ECNC = 150 GPa. Variations of VCNC 

(from 0 to 1) and SCNC (20 and 100) on Eca and Ecr were 

investigated. The role of the CNC orientation state was 

assessed by comparing Eca to Ecr (i.e. aligned versus 

random). 

Laminate theory for CNC-epoxy coated fiber element 
The laminate composite geometry has a central core 

consisting of the fiber element with a coating of CNC-

epoxy on the upper and lower surfaces (Fig 2). It was 
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Fig 2 - Schematic of fiber CNC-epoxy laminated fiber element 
model. a) reinforced fiber element geometry, and b) cross-
section of reinforced fiber element. 

assumed that the interfaces between the CNC-epoxy 

layers and the fiber element core were perfect. While 

differences in this laminate cross-sectional geometry 

affect bending stiffness, it has little effect upon the 

extensional stiffness of the fiber for extensional elements 

in the network model. The extensional stiffness properties 

of the CNC-epoxy coated fiber element can be calculated 

from the laminate stiffness matrix: Aij. The stiffness 

matrix is defined in terms of the elastic properties of the 

layers, Qij, and the distance of the top and bottom of each 

layer from the mid-plane, zk and zk-1, respectively, as 

shown in Eq 2. 

         [2] 

For both the fiber and the CNC-epoxy layer the elastic 

property matrix is 

         [3] 

where,  

, ,   

         [4] 

For the fiber layer, the values for Ex = Ef and x  = f  are 

used. For the CNC-epoxy layer with random CNC 

orientation, by assuming that cr is the same as that for 

the epoxy,e= 0.36, then Eq 4 can be used to define the 

Qij terms, with Ex = Ecr, and x  = ve. While for the case of 

CNC-epoxy with aligned CNCs, the stiffness terms are 

given as: 

,  

,          [5] 

  
 (a)   (b)  

Fig 3 - Network structure, a) fiber element with elastic modulus 
of Ef, and spring constants, k, and b) representative volume 
element consisting of a network of 3 fiber elements of length Lf, 
interesting at θ=60°. 

 

where Ge is the shear modulus of the epoxy (1.88 GPa). 

Given the Aij, the effective modulus of the laminated 

composite, Elx, can be calculated by, 

         [6] 

where h is the total thickness of the laminate composite 

(i.e. the fiber layer plus the two CNC-epoxy layers). For 

either the random or aligned CNC orientation within the 

CNC-epoxy layers, Elr, and Ela, respectively, can be 

calculated using the corresponding inputs for A11, A22 and 

A12. Laminate composite propeties were cacluated for 

cases of: Ef = 15 and 25 GPa, CNC-epoxy thickness of tc= 

1 and 3 μm, SCNC = 20 and 100,  and for random verse 

allinged CNC configuration. 

Network model 
A 2-D network model was constructed as an array of 

fiber extensional elements.  Each fiber element, shown in 

Fig 3a, was modeled with ten linear beam finite elements 

along its length, Lf. Each fiber element was attached at 

the cross-over points by two orthogonal linear springs of 

equal spring constant, k (N/m). An isotropic network is 

accomplished by specifying a unit-cell geometry (Fig 3b) 

where the fiber elements in the network form an 

equilateral triangle, representing an array of fiber 

elements oriented at 0/60 degrees. As such, the effective 

mechanical properties of the network will be isotropic. 

The Abaqus finite-element code was used to construct the 

fiber network unit cell (RVE with 3 fiber elements) and 

network geometries studied having 76 fiber elements 

(Fig 4). This network geometry was a single fiber in 

thickness, tf, and only the planar properties of the network 

were examined. 

The network elastic modulus, Enet, and Poisson’s ratio, 

νnet, were calculated for neat fiber networks and fiber 

networks in which the individual fibers were coated with 

the CNC-epoxy composite. Calculation of these elastic 

parameters was completed by applying a state of uniaxial 

stress to the network through horizontal nodal forces at 

the one lateral extremity, while fixing the axial 

displacement at the opposite end of the network (Fig 4a).  

The boundary layer phenomenon at the loading 

boundaries, associated with St. Venant’s principle  
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   (a) 

 

 
   (b) 

Fig 4 - Network structure model consisting of 76 fiber elements 
for axial extension, a) boundary conditions, showing the 
location of the nodal displacements, δx and δy, used for property 
calculations, and b) deformation shape for axial extension in 
loading direction showing minimal edge effects for the central 
regions used for property calculations. 

 

(Timoshenko, Goodier 1951), dampen out within one 

element length so that deformations measured at the 

interior of the network can be considered to be 

independent of the boundary induced disturbances due to 

point nodal loads. Nodal displacements were used to 

determine the average axial stress, σx, axial strain, εx, and 

transverse strain εy: 

, , 

         [7] 

from which Enet = σx/εx and νnet = εy/εx could be 

calculated: 

 

       [8] 

The density of the fiber network model can be adjusted 

by altering the fiber element length between cross-over 

points, Lf. The effective density of the neat fiber network, 

ρnet, can be expressed in terms of the density of the fiber 

element, f, the effective fiber volume fraction within the 

network (Vnet), and the ratio of the fiber cross-sectional 

width to the distance between cross-over points (Wf/Lf): 

 [9] 

 

Fig 5 - Effective elastic modulus, Ec, of CNC-epoxy matrix 
composites as a function of: CNC volume percent, CNC 
configuration (random and aligned), and CNC aspect ratio, 
SCNC. 

 

The fiber element used in this study (with f= 1.5 g/cm
3
, 

Wf = 30 μm, tf =10 μm, Lf = 180 μm) resulted in a network 

density of ρnet = 0.78 g/cm
3
.Refrence to equation in text, 

Eq 1. 

Results and Discussions 

CNC reinforcement of epoxy 
The results of the Halpin-Tsai calculations are shown in 

Fig 5, which summarizes the influence of CNC aspect 

ratio (20 vs. 100), CNC vol% (0-100), and CNC 

orientation (random vs. aligned) on Ec of CNC-epoxy 

composite. For the aligned CNC configuration, the 

properties were measured in the direction parallel to the 

CNC alignment.  As expected, Ec increased for increasing 

CNC vol%, CNC alignment, and SCNC increases Ec, in 

which increases in Ec appear to be more sensitive to CNC 

alignment than to SCNC. 

Comparison of these predictions to experimentally 

measured properties of CNC-epoxy shows some 

reasonable agreement for 0-24 vol% CNC additions 

(Tang, Weder 2010; Xu et al. 2013). The study by Tang 

and Weder produced CNC-epoxy composites films (in 

plane random CNC configuration) and investigated the 

reinforcement potential for CNCs from two different 

sources; CNCs extracted from cotton (aspect ratio less 

than 10), and from tunicate (aspect ratio ~85). The 

effective composites elastic modulus increased from 

1.6 GPa of the neat epoxy, to a maximum at 24 vol% 

CNC-epoxy of ~ 3.6 GPa, and 4.7 GPa, for the cotton and 

tunicate CNC respectively. After adjusting for the 

differences in the elastic modulus for the neat epoxy, the 

model only modestly over predicts the experimentally 

measured composite elastic modulus, but more 

importantly shows similar trends (i.e. increase in elastic 

modulus for higher CNC aspect ratio, and CNC vol%).  

Further, the increased CNC aspect ratio in the model 

relative to Tang and Weder’s experiments may also 

account for the greater reinforcement predicted by the 

model. We could not find any studies that incorporate 

more than 24 vol% CNCs into epoxy, but there has been 
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work with neat CNC films (i.e. 100 vol% CNC, not 

functionalized).  The study by Reising et al. (Reising et 

al. 2012) investigated the role of CNC alignment on the 

mechanical properties of neat CNC films.  The measured 

elastic modulus of 15 GPa (random), and 30 GPa (highly 

aligned), were much lower than the predicted values (at 

100 vol% CNC in Fig 5) of 50 GPa, and 150 GPa, 

respectively.  This overestimate in model predictions can 

partially be attributed to our use of ECNC=150 GPa, and 

the assumption of perfect CNC-epoxy interface.  Thus, 

the model over estimates the composite elastic modulus, 

the extent of this is small (~10-20%) at the lower vol% 

CNC, but is very large (>300%) at the 100 vol% CNC 

concentration. 

The implications of this is that the output from this 

modeling component are upper bound elastic properties 

estimates, and will affect the prediction of the laminate 

theory model, and thus subsequently the property 

estimates from the 2-D network model. 

CNC-epoxy reinforcement of fiber element 
The effective elastic modulus of the CNC-epoxy coated 

fiber element laminate system (Elx), is shown in Fig 6 for 

both the random (Elr) and aligned (Ela) CNC 

configuration. The resulting Elx is a function of the CNC 

alignment, CNC-epoxy coating thickness, CNC aspect 

ratio, vol% CNC, and by Ef.  The CNC alignment was the 

dominant factor influencing reinforcement, followed by 

CNC-epoxy coating thickness, and then aspect ratio.  

To increase the elastic modulus of the fiber element it is 

necessary for the CNC-epoxy coating to have a higher 

elastic modulus than the fiber element (i.e. Ec > Ef).  A 

unique critical condition occurs for each sample 

configuration (e.g., CNC-epoxy coating thickness, CNC 

alignment, SCNC, vol% CNC, and Ef) and can be seen in 

Fig 6 where the plots cross over at Ef = 15 or 25 GPa.  As 

expected, fiber elements with greater Ef will be more 

difficult to reinforce, requiring higher CNC-epoxy 

coating thickness, CNC alignment, SCNC, and vol% CNC.  

For example, in the aligned CNC case (Fig 6b and 6d)  

 
 

 

Fig 6 - Laminate theory calculations of the effective elastic modulus of a fiber element coated on the top and bottom surfaces with a 
CNC-epoxy layer (1 or 3 μm in thickness).  The effect of CNC volume percent, CNC configuration (random and aligned) within the 
epoxy matrix, CNC aspect ratio and the starting fiber elastic modulus, Ef, on the effective elastic modulus of laminate, Elx, has been 
calculated for, a) random CNC orientation with Ef = 15 GPa, b) aligned CNC orientation with Ef = 15 GPa, c) random CNC orientation 
with Ef = 25 GPa, d) aligned CNC orientation with Ef = 25 GPa.  
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Fig 7 - Network model parametric study showing the role of joint 
stiffness (k) and fiber element modulus (Efe) on the network 
structure, a) elastic modulus, Enet, and b) Poisson’s ratio, νnet.  
Calculations completed for a network of ρnet = 0.78 g/cm3,  
Lf =180 μm, and Wf =30 μm. 

 

whereas for the random CNC case (Fig 6a and 6c), the 

cross-over point for Ef =15 and 25 GPa fibers occurs at 

35 vol% CNC and 55 vol% CNC, respectively. For 

comparison with experiments, only one study was found 

in which CNMs were coated on natural fibers. The study 

by Pommet et al. (2008) deposited bacterial cellulose 

(BC) onto the surface of sisal and hemp fibers, however, 

the potential reinforcement potential of the BC coating 

was masked by an artifact of the BC coating process. 

Unfortunately, the BC coating process required that the 

fibers be exposed to the culturing conditions necessary 

for the bacteria to produce the cellulose, which 

chemically modified the starting sisal and hemp fibers, 

and resulted in a reduction in the elastic modulus of the 

BC coated natural fiber. 

Role of fiber element and spring constant on network 
properties 
Modification of the network elastic properties (stiffness 

and Poisson’s ratio) from the addition of CNC-epoxy 

coating of fiber elements was considered to occur through 

the enhancement of elastic properties of the fiber element, 

Efe and the fiber-fiber joint stiffness, k.  To assess the 

relative contributions of changes in Efe and k to the 

network stiffness, Enet, a parametric study over the range 

of Efe = 1-1000 GPa and k = 1x10
3
-1x10

7
 N/m was 

completed (Fig 7).  The wide design space of Efe and k 

was used to assess the upper bounds and to clarify 

realistic bounds for reinforcement from CNCs. While k 

has not been measured, the parametric study also gives 

insight into the interplay between Efe and k in affecting 

Enet, making it possible to identify what combinations of 

fiber reinforcement and joint reinforcement would be 

most effective for network reinforcement. 

The results for Enet and net as a function of Efe and k are 

presented in Fig 7.  In general, increases in Efe result in an 

increase in Enet and a decrease in net, while increases in k 

result in increases for both Enet and net. There are 

deviations to these general trends at locations where Enet 

and net have plateaued.  Regardless of Efe it appears that 

the net varies between 0.1 (at low k) and 0.27 (at high k) 

thus establishing the bounds for a joint with low and high 

stiffness, respectively, relative to the fiber element. There 

is also interplay between Efe and k in affecting Enet and 

net. At low Efe (1 GPa), increases in k have a smaller 

influence on increasing Enet and larger influence on 

increasing net as compared to high Efe (1000 GPa). At 

low k, increases in Efe result in small increases to Enet, this 

area of parameter space is dominated by k.  In contrast, at 

high k, increases in Efe result in large increases to Enet, 

this area of parameter space is dominated by Enet. This 

parametric study showed that Enet can be increased with 

increasing Efe, k, the degree of which is dependent on the 

interplay between Efe and k.   The effect of CNC-epoxy 

additions on the predicted Enet is discussed in the 

following sub-section.  

CNC-epoxy stiffening of fiber network structures 
The addition of CNC-epoxy to a fiber network structure 

will likely alter both the fiber element stiffness and the 

network joint stiffness.  However, since k is unknown for 

this material system, a joint stiffness of k = 1x10
6
 N/m 

was used, and based on the results in Fig 7, this would 

allow for the maximum sensitivity for changes in the 

fiber element stiffness in altering the network stiffness. 

For this case then, the stiffening potential of CNC-epoxy 

additions on network properties (Enet and net) was 

considered to occur through the modification of the fiber 

element elastic modulus, Efe.  Of interest is the ability of 

the CNC-epoxy additions to stiffen the network structure 

beyond what can be achieved from the uncoated fiber 

element. When considering only the starting fiber 

element with Ef = 15 or 25 GPa, the resulting Enet is 

~3 GPa, and ~5 GPa, respectively, which is similar to that 

reported for carton stock and boxboard (E = 6-7.5 GPa) 

with similar density (ρnet = 0.75-0.78 g/cm
3
) (Baum 

1984).  The laminate theory calculations give the 

estimated elastic properties of the fiber elements coated 

with CNC-epoxy, which based on the idealized upper 

bound values, gives a possible range of Efe = 10-70 GPa 

(see Fig 6 for the range of either Elr and Ela). 

To investigate the stiffening potential of CNC-epoxy 

additions, a starting network model (ρnet = 0.78 g/cm
3
, 

Lf = 180 μm, Wf = 30 μm, Ef = 25 GPa and 

k = 1x10
6
 N/m) was modified with a CNC-epoxy coating 

(tc = 3 μm layer thickness and aligned CNC 

configuration) of each fiber element. This configuration 

of the CNC-epoxy coating gives an upper bound of the 

stiffening potential.  So within the network model, Ef was 

replaced with the coated fiber element elastic modulus, 

Efe which varied based on the predictions of Ela (Fig 6d).  
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Note that it is assumed here that the CNC-epoxy 

additions altered the elastic modulus of the fiber element, 

with no changes in the fiber element length or width, so 

the network density stayed constant. In reality, the 

addition of the CNC-epoxy would widen the fiber 

elements and fill some of the porosity within the starting 

fiber element network, both of which would increasing 

the density of the network composite, resulting in 

additional stiffening. This latter contribution to stiffening 

was not considered in this study. 

The results are shown in Fig 8. With increasing CNC 

vol% there is an increase in Enet but net, appears to be 

minimally affected. For CNC aspect ratio of 100, the 

network stiffness increases ~20% for an addition of 10 

vol% CNC; further, addition of 50 vol% CNC doubles 

the network stiffness, suggesting that CNC-epoxy 

additions have a potential for reinforcing network 

structures. However, this comparison was for the case at 

0 vol% CNC additions, thus the fiber elements had a 

coating of 100 vol% epoxy, which have Ee = 3.8 GPa, 

effectively lowering the stiffness of the fiber element.   

To assess the critical vol% CNC additions necessary to 

enhance the stiffness of a preformed network structure, 

then it is necessary to consider the reinforcement of 

CNC-epoxy coating as compared the original network 

structure without CNC-epoxy additions (i.e. Enet = 

~5 GPa). From Fig 8a, the cross over point occurs at 

CNC concentrations of ~ 17 and 22 vol% for the CNC 

aspect ratio of 100 and 20, respectively, and can be 

considered the critical vol% CNC. Note that this is based 

on an upper bound assessment of CNC-epoxy properties, 

and perfect interface between the CNC-epoxy and fiber 

element, taking these into account, the critical vol% CNC 

necessary to reinforce a network structure would shift 

higher.  

The maximum reinforcement potential of CNC 

additions can be estimated, using the highest 

reinforcement configuration considered in this study, 

100vol% CNC, with perfect CNC alignment and a 3 μm 

coating thickness (see Fig 5).  Appling a coating like this 

on fiber elements having Ef = 25 GPa, then from Fig 7 

the estimated network stiffness would be Enet = ~11 GPa, 

which is an increase of ~2 times the unmodified case. 

However, as noted earlier, the estimated properties of this 

coating, Ec = 150 GPa, is an unrealistic upper bound, 

based on many assumptions. To approximate a more 

“realistic” upper bound, one should consider that one of 

the highest reported stiffness for wood based CNC films 

(100 vol% CNC, highly aligned) was 30 GPa, (Reising et 

al. 2012), which is 5 times lower than the ~150 GPa.  

Using Ec = 30 GPa for the coating and interpolating the 

results of Fig 5, 6b, and 6d (for the case of 3 μm thick 

coating of fully aligned CNCs), it is possible to obtain an 

estimated Efe of ~20 GPa and ~27 GPa for initial fiber 

elements stiffness of 15 GPa, and 25 GPa, respectively. 

By using Efe = 20 and 27 GPa, the corresponding elastic 

modulus of the network would be Enet = ~4 GPa and 

~5 GPa, respectively, both of which are similar to the 

stiffness of the initial network without the CNC 

additions. Note that this can still be considered an upper 

bound estimate of the CNC reinforcement potential, in 

that there is no slippage at the CNC coating-fiber element 

interface and the CNC coating is a significant volume 

fraction of the coated-fiber system (i.e. two 3 μm thick 

layers of CNCs, one on either side of a fiber element that 

is 10 μm thick). Considering this, the stiffening potential 

of CNC additions on network properties via a mechanism 

of enhancing fiber element stiffness, appears limited for 

the case of fiber elements having relatively high stiffness 

(15-25 GPa). 

The implications of these results suggest that for 

additions of CNCs to a preformed network structure 

consisting of micron sized fiber elements, such as paper, 

that the mechanism of enhancing the fiber element 

properties by the CNC additions will have a limited effect 

on stiffening the network. However, for fiber elements 

with lower stiffness, perhaps ~ 1 GPa or lower, the CNC 

coatings have greater reinforcing potential, which would 

subsequently stiffen the network structure.  Moreover, in 

real systems, the CNC additions may likely initiate other 

stiffening mechanisms to the network, such as, altering 

the fiber-fiber joint stiffness and increase density of the 

network by filling in voids, effectively increasing the 

volume fraction of load bearing material, etc. These latter 

mechanisms were not considered in this study. 

 

 

 

 

Fig 8 - Network model estimates of  a) network modulus, b)  
network Poisson’s ratio, as a function of CNC volume percent, 
and CNC aspect ratio (20 vs 100).  Calculations were based on 
a fiber element with an initial Ef = 25 GPa that is modified with a 
3 μm layer of CNC-epoxy (aligned CNC configuration) with a 
network characteristics of ρnet = 0.78 g/cm3, and k = 1x106 N/m. 
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Conclusions 
A hierarchal length scale model approach was used for 

estimating the reinforcement potential of cellulose 

nanocrystals (CNC) to enhance the properties of fiber 

network structures. An idealized 2-dimensional (2-D) 

fiber network structure was subsequently reinforced via 

CNC-epoxy coating of the individual fiber elements 

making up the network structure. The reinforcement 

mechanism on the network structure was considered to 

occur through the reinforcement of the fiber elements via 

the CNC-epoxy coating.  Micromechanical and laminate 

theory models demonstrated that reinforcement of the 

fiber elements via CNC-epoxy coating was dependent on 

several factors: stiffness of the starting fiber element, 

CNC-epoxy layer thickness, CNC alignment, and CNC 

aspect ratio.  Fiber elements with greater elastic modulus 

required increased CNC-epoxy coating thicknesses, 

greater CNC alignment, greater CNC aspect ratio, and/or 

greater CNC volume fraction for reinforcement. In the 

idealized case considered in this study the 2-D network 

model demonstrated that the reinforcement of fiber 

elements by CNC-epoxy coatings could enhance the 

elastic properties of the network structure.  Taking into 

consideration experimentally-obtained property values 

for CNC films and fiber element properties typical of 

fibers used in paper products, suggests that the extent to 

which CNC additions can enhance fiber element stiffness 

and thus the network stiffness may be limited. 
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