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Abstract The elastic modulus of cellulose Iß in the 
axial and transverse directions was obtained from 
atomistic simulations using both the standard uniform 
deformation approach and a complementary approach 
based on nanoscale indentation. This allowed com­
parisons between the methods and closer connectivity 
to experimental measurement techniques. A reactive 
force field was used that explicitly describes hydrogen 
bond, coulombic and van der Waals interactions, 
allowing each contribution to the inter- and intra­
molecular forces to be analyzed as a function of 
crystallographic direction. The uniform deformation 
studies showed that the forces dominating elastic 
behavior differed in the axial and transverse directions 
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because of the relationship between the direction of 
the applied strain and the hydrogen bonding planes. 
Simulations of nanoscale indentation were then intro­
duced to model the interaction between a hemispher­
ical indenter with the (110) surface of a cellulose Iß 
rod. The role of indenter size, loading force and 
indentation speed on the transverse elastic modulus 
was studied and, for optimized parameters, the results 
found to be in good agreement with experimentally-
measured transverse elastic modulus for individual 
cellulose crystals. 

Keywords Elastic modulus · Nanoindentation · 
Cellulose · Molecular dynamics 

Introduction 

With a growing demand for products made from 
renewable and sustainable resources, cellulose nanom­
aterials are increasingly being used to develop a 
variety of composite materials (Postek et al. 2008). 
Cellulose nanocrystals (CNCs) are whisker-like nano­
particles (typically 3-20 nm wide by 504,000 nm in 
length) of crystalline cellulose extracted from cellu­
lose microfibrils by acid hydrolysis (Moon et al. 2011; 
Samir et al. 2005). Understanding the structure and 
mechanics of crystalline cellulose (Iß) and how this 
relates to the properties of CNCs at a fundamental 
level can facilitate development of CNC composites as 
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well as broaden our general knowledge of CNC 
behavior as a nanomaterial. 

The elastic modulus of CNCs is an important 
mechanical property, not only from a potential com­
posite application perspective, but because it provides 
a means of linking experimental measurements to 
modeling results so that the validity of model predic­
tions can be assessed. Due to the structural anisotropy 
within crystalline cellulose (i.e. non symmetric: crys­
tal structure, cellulose chain structure, and cellulose 
chain arrangement within the crystal structure), 
mechanical properties will be dependent on the 
direction relative to the cellulose crystalline structure. 
The elastic modulus of crystalline cellulose and CNCs 
in the axial (EA ) and transverse (ET ) directions 
measured experimentally using various methods and 

predicted by simulation has recently been reviewed 
(Moon et al. 2011) and is summarized in Table 1. 
Note that the transverse elastic moduli are considered 
collectively (i.e. all transverse orientations perpendic­
ular to chain direction). The wide distribution in the 
reported experimental values comes about primarily 
from differences in measurement techniques and the 
materials tested (i.e. different percent crystallinity, 
etc). For simulations the wide distribution comes 
about as a result of differences in model parameters 
(simulation method, configuration of the modeled 
structure, atomic interaction models, etc), and the 
method of calculating elastic modulus (Moon et al. 
2011). 

Molecular dynamics simulation of cellulose Iß has 
also been used to predict the role of hydrogen bonding 

Table 1 Elastic modulus reported from simulation-based (Iß only) and experimental studies 

Material EA (GPa) ET (GPa) Experimental technique/model Reference 
force filed 

Experiment 
Cellulose fibrils 120-138 X-ray diffraction (XRD) Sakurada et al. (1962) 

Sakurada et al. (1964) 
Matsuo et al. (1990) 
Diddens et al. (2008) 

Cellulose fibrils 220 ± 50 15 ± 1 Inelastic x-ray scattering (IXS) Diddens et al. (2008) 
CNC-plant 105 - Raman Rusli and Eichhorn (2008) 
CNC-wood 18-50 AFM indentation-FEA Lahiji et al. (2010) 
CNC-Tunicate 143 - Raman Sturcová et al. (2005) 
CNC-Tunicate 151 ± 29 - AFM-3pt bend Iwamoto et al. (2009) 
CNC-Tunicate 2-25 AFM indentation Wagner et al. (2010), 

Wagner et al. (2011) 
Postek et al. (2011) 

CNC-wood 24.8 ± 7.0 AFM indentation-FEA Pakzad et al. (2012) 
CNC-cotton - 17.7 ± 5.0 AFM indentation-FEA Pakzad et al. (2012) 
Modeling 
Single chain 168 11-50 Dreiding Tashiro and Kobayashi (1991) 
Single chain 145 - COMPASS Sturcová et al. (2005) 
1 x 1 x 1 unit cell 149 18-47 COMPASS Eichhorn and Davies (2006) 
1 x 1 x 1 unit cell 148 - CHARMM Reiling and Brickmann (1995) 
1 x 1 x 1 unit cell 111 - COMPASS Tanaka and Iwata (2006) 
3 x 3 x 2 unit cell 136 - GROMOS Kroon-Batenburg and Kroon (1997) 
3 x 3 x 2 unit cell 115 - Custom Neyertz et al. (2000) 
4 x 4 x 10 unit cell 125 - COMPASS Tanaka and Iwata (2006) 
4 x 4 x 8 unit cell 156 - GROMOS Bergenstråle et al. (2007) 

EA = Elastic modulus in the axial direction, E T = Elastic modulus in transverse direction 
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on crystalline stability and properties (Eichhorn and 
Davies 2006). The hydrogen bonding is relatively 
strong along the chain axis (intra-chain) and is well 
characterized, however, there is less consensus as to 
the inter-chain hydrogen bonding as it is difficult to 
quantify (Nishiyama 2009; Nishiyama et al. 2008). 
The intra- and inter-chain hydrogen bonding is most 
prevalent within the (200) plane, named the “hydro­
gen-bonded” plane (Fig. 1),  and the existence of two 
coexisting hydrogen bonding systems has been pro­
posed (Nishiyama 2009; Nishiyama et al. 2008). The 
hydrogen bonding within planes (110) and (110) is 
substantially lower and attractive van der Waals forces 
are considered to dominate the cohesion (Nishiyama 
et al. 2003; Cousins and Brown 1995). The ability to 
correctly describe these forces is critical to accurately 
modelling the Iß structure and properties. 

In this study, atomistic simulations are used to 
predict the elastic properties of cellulose Iß in both the 
axial and transverse directions using two distinct 
methods: uniform deformation and nanoscale inden­
tation. The former is used to validate the model by 
comparison to reported experiment and simulation 
based data in the literature, and results are analyzed in 

Fig. 1 Schematic of an idealized wood CNC cross-section 
along the cellulose chain-axis direction (i.e. the c-axis), showing 
terminating surfaces [(110) and (110)] and the Iß unit cell 
projection superimposed on the crystal lattice (Moon et al. 
2011). The three major lattice planes, (200), (110), and (110), 
have d-spacings of 0.39, 0.53, and 0.61 nm, respectively, which 
are labeled 1, 2 and 3, Each grey box represents a cellulose chain 
looking down the chain-axis 

terms of variation in the multiple contributions to force 
and energy during the deformation process. An 
interatomic force field is used that explicitly describe 
hydrogen, coulombic and van der Waals bonding, 
allowing the study of these forces on the Iß elastic 
properties. A nanoscale indentation model is then 
introduced to directly link atomic force microscopy 
(AFM) indentation experiments to atomistic simula­
tions. This approach provides not only new validation 
methods for model predictions, but can be used to 
assess model parameters associated with different 
types of bonding within and between the multiple 
cellulose Iß lattice planes. 

Methodology 

Atomistic model 

A model cellulose I ß  crystal was constructed using 
Materials Studio commercial software based on the 
latest experimental diffraction results with unit 
cell parameters: a = 7.784 A, b = 8.201 A, c = 
10.380 Å (chain direction), = ß = 90°, and = 
96.5° (Nishiyama et al. 2002). The ReaxFF forcefield 
(Mattsson et al. 2010) was used to describe all inter­
atomic interactions. This model provides accurate 
description of bond breaking and bond formation 
because atomic connectivity is determined using bond 
orders calculated from interatomic distances during the 
simulation. The model also accounts for non-bonded 
interactions such as van der Waals and coulombic, and 
it has an explicit expression for hydrogen bonds (a 
separate term in the energy formulation). Two simula­
tions approaches were taken, uniform deformation and 
nanoscale indentation, both using LAMMPS modeling 
software. 

Uniform deformation 

For uniform deformation studies, a cellulose I ß  crystal 
was constructed by expandingthe unit cell fourtimes in 
the a and b directions and eight times in the c direction. 
A snapshot of the simulation cell illustrating these 
dimensions is given in Fig. 2. The c dimensional 
length of the crystals was chosen based on previous 
research of a single cellulose chain subject to axial 
deformation which showed that a minimum chain 
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Fig. 2 Snapshots of the atomistic cellulose Iß model used for 
simulations of uniform deformation: a is the a-b cross-section and, 
b is the 3-dimentiaon cellulose crystal. Atoms are represented 
as spheres: blue-carbon, purple-oxygen, and black-hydrogen 
(sphere size not representative of atomic dimensions) 

length was required for repeatability in predicted prop­
erties (Wu et al. 2011). Note that we use the notation 
a, b and c to describe the directions of displacements and 
forces (as opposed to a set of orthogonal axes x, y, z) 
throughout this paper. For uniform deformation simula­
tions, periodic boundary conditions were applied in all 
directions to model the bulk material. 

The crystal was first equilibrated in the NVT 
ensemble (constant number of atoms, volume and 
temperature) for 20 ps at a temperature of 300 K to 
relax the inner stress of the initial configuration 
without changing its overall crystal parameters. Then 
it was equilibrated in the NPT ensemble (constant 
number of atoms, pressure and temperature) for 
700 ps at 300 K and a pressure of 1 atm. During this 
process, both the inner stress and the stress enforced 

by the simulation cell boundaries were relaxed 
such that the dimensions of the crystal could vary. 
Finally, an energy minimization simulation was 
performed using the conjugate gradient algorithm 
such that, after equilibrium, the system was in a 
stable and energy minimum state. The unit cell 
parameters after equilibration and energy minimiza­
tion were: a = 8.549 Å, b = 8.922 Å, c = 10.814 Å, 

= ß = 90°, and = 99.8°. The initial side lengths 
were 86, 32 and 34 Å in the c, a and b 
directions, respectively. 

Uniform deformation was performed using molec­
ular mechanics. First, axial deformation was applied 
by stretching the simulation domain in the c direction 
in increments of 0.16 Å while a and b directions were 
controlled so that the total volume of the system was 
unchanged. This volume control method employed a 
default Poisson's ratio of -0.5,which is an assumed 
value that provides an upper bound to the elasticity 
behavior. Energy minimization was performed after 
each deformation increment. The stress tensor at each 
step was recorded together with the axial length. The 
axial elastic modulus was then calculated as the ratio 
of the stress to the strain in the c-direction. Transverse 
uniform deformation simulations were performed 
using the same procedure, but stretching the simula­
tion domain in either a or b direction with an 
increment of 0.06 Å. The maximum deformation 
applied in any one direction was less than 5 %. 
Investigating deformations in the three directions 
independently offers the most structural anisotropy, 
which should provide a contrast in the predicted elastic 
moduli. 

Nanoscale indentation 

For the nanoscale indentation simulations, the (110) 
surface of the crystal was created with periodic 
boundary condition in the axial-c direction and free 
boundaries in the other two directions, producing 
effectively a cellulose Iß rod having a thickness of 
approximately 50 Å (seven cellulose chain layers), 
and a width of about 84 Å, as shown in Fig. 3. The 
(110) was considered here as one of the planes that 
will be a terminating surface for CNCs extracted from 
wood, plant and tunicate cellulose sources (Moon 
et al. 2011). The rod surface was modified by 
neutralizing any bonds broken during creation of the 
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surface with hydrogen atoms. The bottommost cellu- Indentation force-distance(F-d) curves were used 
lose molecules were fixed to maintain structural to calculate the elastic modulus in the transverse 
rigidity. directions. The force between the indenter and the 

A virtual rigid hemispherical indenter was used to substrate material was calculated by summing all 
indent the cellulose Iß rod such that the indentation forces normal to the surface exerted on the substrate 
was on the (110) plane in the [110] direction. The atoms by the indenter using the formula 
system was equilibrated at a temperature of 300 K for 
10 ps prior to indentation. Initially, the lowest point of (1a)  
the indenter was 5 Å above the crystal surface. Then 
the indenter was brought down towards the surface at a (1b) 

constant speed V to simulate the indentation loading where K is a force constant that controls the atom-
process. Once the indenter moved a certain depth into indenter interaction force, r is the distance from an 
the surface, the unloading process was simulated by atom in the substrate to the center of the indenter, and 
bringing the indenter up away from the surface at the R is the radius of the indenter. The indentation distance 
same speed until the indenter returned to its original (d) was calculated by measuring the distance from the 
position. It is important to note that indentation speed surface of the cellulose Iß substrate to the lowest 
in atomistic simulations is typically much larger than position of the indenter. A positive value of d means 
in an AFM experiments because speeds must be fast the indenter is pressed into the substrate, while a 
enough for the entire process to be modeled during the negative value of d occurs when indenter and substrate 
nanosecond-scale simulation duration (duration is are separated from each other. 
limited to ~ ns because time step size is limited to The loading process usually is a combination of 
~ fs). plastic and elastic processes, while unloading is 

Fig. 3 Schematic of the 
simulation domain for 
nanoscale indentation 
simulations that is 
composed of a cellulose Iß 
film with hemispherical 
nanoscale indenter. The 
bottom of the thin film is 
fixed, while the other two 
dimensions have periodic 
boundary conditions. The 
R is the radius of the 
indenter, rc is the radius of 
projected contact area, and 
dc is the actual contact 
depth. The indentation 
surface is (1 10). The unit 
cell dimensions a, b and 
angle are identified on the 
figure 
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predominantly elastic. The F-d curves obtained from 
unloading were used for the elastic modulus calcula­
tion with the method presented by Oliver and Pharr 
(Oliver and Pharr 1992). Simulation data from the first 
non-zero force point to 95 % of the maximum loading 
distance was fit to the power function 

(2 )  

where a and df are fitting parameters. Note that in 
experiments, the first approximately 5% of the 
unloading data are not used for model fitting because 
of variability in the measurements, while in simula­
tion, this data is not used because of the abrupt force 
changes. The contact stiffness (S) is the slope of the F-d 
unloading curve at the 95 % maximum loading point 
(do = 95 %dmax). 

(3) 

at d = d0. The contact depth (dc) is determined by 

where = 0.75 for a spherical indenter, and F0 is the force 
atindentationdistance duringtheunloadingprocess.A 
reducedmodulus (E,) isrelatedto the contact stiffness by 

(5) 

where A is the projected contact area, calculated by 

(6) 

where rc is the radius of projected contact area, 

(7) 

Then, since the modulus of the indenter is infinitely 
large, i.e. Ei = the substrate material's elastic 
modulus (E,) is 

(8) 

where vs is Poisson's ratio (taken to be 0.5 consistent 
with the uniform deformation method). The hardness 
of the material (H) is calculated by 

(9) 

Both elastic modulus and hardness have units of 
GPa. 

Results and discussion 

Uniform deformation 

The predicted elastic moduli resulting from the 
uniform deformation studies are shown in the first 
column of Table 2, where each value is the average of 
five independent simulation trails. The predicted 
elastic modulus for both the axial and transverse 
directions is within the range of reported simulation 
and experimental data (see Table 1). As expected, the 
anisotropy in the cellulose Iß crystal results in 
different predicted elastic moduli in the axial and 
transverse directions. The elastic modulus in the axial 
c-direction is much larger than either transverse 
directions (a and b), while the elastic modulus in the 
b-direction was somewhat larger than that in the a-
direction. 

Role of anisotropy 

To assess the mechanisms that contribute to the 
predicted elastic modulus anisotropy within cellulose 
Iß, it is convenient to evaluate and compare the change 
in the force distribution during uniform deformation in 
the a direction [100], the b direction [010], and the 
c direction [001]. The total force of the system is a result 
of contributions from covalent bonds, covalent bond 
angles and torsion, van der Waals interactions (used 
generally here to refer to the Lennard-Jones force), 
coulombic (electrostatic) interactions, and hydrogen 
bonding. Figure 4 illustrates the distribution of attrac­
tive and repulsive forces involved for deformation in 
the c-direction (Fig. 4a), a-direction (Fig. 4b), and 
b-direction (Fig. 4c). This analysis reveals that the 
major attractive and repulsive forces during deforma­
tion differ between the three different orientations and 
likely account for the anisotropy in predicted elastic 
moduli. 

For deformation in the c-direction the major 
attractive forces are due to covalent bonding and the 
angles between those bonds. This is reasonable since, 
in this orientation, elongation occurs along the length 
of individual cellulose chains where the covalent 
bonds between atoms in each chain will resist the 
deformation via an attractive force that attempts to 
bring both the atoms closer to one another and the 
bonds back to their equilibrium length. The dominant 
repulsive forces are van der Waals and coulombic. 
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Additionally, there is a weak attractive force due to 
hydrogen bonding, which comes about from the 
deformation being within the hydrogen bonding 
planes. The hydrogen bonding plane (200) has the 
highest concentration of intra-chain (within a single 
cellulose chain) and inter-chain (between cellulose 
chains) hydrogen bonding (Reiling and Brickmann 
1995; Tanaka and Iwata 2006) and displacement in the 
b-direction results in deformation within this plane 
(i.e. the [010] direction). As the displacement in the 
b-direction increases, both the intra-chain and inter-
chain hydrogen bonds within the hydrogen bonding 
plane are stretched which results in an attractive 
restoring force. 

Role of hydrogen bonding 

To assess the role of intra- and inter- chain hydrogen 
bonding on the predicted elastic modulus in the a, b, 
and c directions, simulations were rerun with the 
hydrogen bonding effect turned “off‘. Results are 
shown in the second column of Table 2. The removal 
of hydrogen bonding had a negligible effect in the 
a-direction while it resulted in a decrease of the elastic 
modulus in b and c directions of approximately 16 and 
19 GPa, respectively. This can again be understood 
through a force analysis. Figure 4d-f illustrate the 
variation in the force contributions during uniform 
deformation with hydrogen bonds “off”. In the 
c-direction all forces change (compare Fig. 4a to 4d) 
to compensate for the lack of hydrogen bonding force, 
and the overall effect is a decrease in the magnitude of 
the axial elastic modulus (~ 14 %). A similar effect 
can be observed in the b-direction (compare Fig. 4c to 
4f) where hydrogen bond removal caused a decrease 
in the elastic modulus (~56 %). The forces in the 
a-direction also change due to the removal of hydro­
gen bonds (compare Fig. 4b to 4e). However, there is a 
negligible change in elastic modulus in this direction. 

These simulations have shown that removal of the 
hydrogen bonding decreases the elastic modulus in the 
c-direction (i.e. along the c-axis of cellulose I ß) ,  which 
is in agreement with the results of Eichhorn and 
Davies (2006) who report a decrease of approximately 
25 GPa with the removal of hydrogen bonds. 
Although the trend is similar, there are differences 
between these two models; namely the forcefield in the 
previous work was COMPASS, while we employ 
ReaxFF in this study. This different is significant 

because COMPASS describes hydrogen bonds using 
the formulations for the electrostatic and van der 
Waals energies while ReaxFF has an explicit expres­
sion for the hydrogen bond calculation. Therefore, to 
turn “off‘ hydrogen bonding in COMPASS the elec­
trostatic charge on the hydrogen atoms is set to zero 
(Eichhorn and Davies 2006). This method effectively 
removes hydrogen bonds from the simulation but may 
also affect the overall coulombic energy. As a result, 
there is no way to determine whether the observed 
decrease of axial elastic modulus is due to lack of 
hydrogen bonds or a coulombic effect. With ReaxFF’s 
explicit treatment of hydrogen bond, we can turn “off” 
the hydrogen bond by setting a zero cutoff distance 
which means that the hydrogen bonds are removed 
without affecting atomic charges. 

To further examine hydrogen bonding it is possible 
to compare the force due to hydrogen bonding and the 
number of hydrogen bonds per unit cell during 
deformation (Fig. 5a). A hydrogen bond is identified 
using distance and angle criteria of 3.5 Å and 30°, 
respectively. The results show that the number of 
hydrogen bonds per unit cell increases from 5.3 to 
nearly 6.1 during deformation. This can be analyzed 
by considering that, generally speaking, there are three 
types ofhydrogen bonds in a cellulose Iß crystal: intra­
chain, inter-chain within the hydrogen bonding plane, 
and inter-chain between two adjacent hydrogen 
bonding planes. Investigation of a single simulation 
case using Visual Molecular Dynamics software 
revealed that there are ~2 intra-chain hydrogen 
bonds, ~2 inter-chain hydrogen bonds within the 
hydrogen bonding plane, and ~ 1 inter-chain hydro­
gen bonds between two adjacent hydrogen bonding 
planes per unit cell. During deformation (stretching) in 
the a direction, the number of inter-chain hydrogen 
bonds between two adjacent hydrogen bonding planes 
decreases, while there is an increase in the number of 
intra-chain and inter-chain hydrogen bonds within the 
hydrogen bonding plane; the result is an overall 
increase in number of hydrogen bonds per unit cell 
as shown in Fig. 5b. In contrast, for deformation 
(stretching) in the b direction, the number of inter-
chain hydrogen bonds between two adjacent hydrogen 
bonding planes increases, while there is a decrease in 
the number of intra-chain and inter-chain hydrogen 
bonds within the hydrogen bonding plane; the overall 
effect is a decrease in number of hydrogen bonds per 
unit cell as shown in Fig. 5c. 
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Fig. 5 a-cThe hydrogen bond force (square) and number per unit cell (circle) during uniform deformation (stretching) in the c (axial), 
a and b directions, respectively. Results are averaging over five independent trials 

Note that, for deformations (stretching) in the a and 
b directions, the overall changes in the number of 
hydrogen bonds per unit cell have opposite effects on 
force: the hydrogen bond force is positive (repulsive) 
in Fig. 5b and negative (attractive) in Fig. 5c. How­
ever, it is important to recognize that the hydrogen 
bond force is a quantity that reflects the strength of all 
hydrogen bonds, not just the number that exist. Indeed, 
the energy of a given hydrogen bond can vary 
significantly depending on the relative positions of 
the component atoms. Hydrogen bonds are very hard 
to experimentally characterize and there is still debate 
as to the specific role of hydrogen bonding within 
cellulose structures. The intention of this analysis is 
not to make any claims as to the hydrogen bonding 
structure or density, but rather to explore the possibil­
ities of how changes in hydrogen bonding could occur 
as a function of deformation in different directions. 
We have presented the number of hydrogen bonds 
here only as a reference; quantification of the 
relationship between bond count, atomic configura­
tion, and energy requires a more detailed study that is 
beyond the scope of this research. Nonetheless, this 
study demonstrates the elusive behavior of hydrogen 
bonding and that considerable work will be necessary 
to fully understand its role in the properties of 
crystalline cellulose. 

Nanoscale indentation 

The transverse elastic modulus and hardness were 
calculated by modeling nanoscale indentation on the 
cellulose Iß (110) surface as described in “Nanoscale 
indentation” section. The results of this calculation are 
determined by model parameters that must be chosen 
prior to the simulation. In this work, we examined 

some ofthose parameters that most significantly affect 
the elastic modulus: indenter size, force constant and 
indentation speed. Indenter size was characterized by 
its radius, R, and we consider three values, 25, 50, and 
75 Å. The second parameter was the force constant, 
K (see Eq. 1), which we varied from K = 0.1 kcal/ 
mole-Å3 (0.00695 nN/Å2) to K = 10.0 kcal/mole-Å3 

(0.695 nN/Å2). The third parameter was indentation 
speed, ranging from V = 10-1,000m/s. 

Figure 6a shows the effect of the indenter’s radius 
on the F-d curve for K = 0.1 kcal/mole-Å3 and 
indentation speed V = 50 m/s. The indenter radius is 
one of the most important parameters in nanoscale 
indentation because it will change the projected 
contact area and the resulting effective strain profile 
beneath the indenter (smaller indenter results in larger 
strain profiles for a given indentation depth), which 
affects the transverse elastic modulus and hardness. 
For a penetration depth of d0 = 9.45 Å the projected 
contact area of the small indenter (Area = 824 Å2) 
was much smaller than that of the large indenter 
(Area = 3,008 Å2), and appears to have a minor effect 
on the measured properties (Fig. 6b); statistically 
these differences were found to be insignificant. 
Scanning electron microscopy (SEM) images of an 
AFM tip before and after indentation showed the 
radius to be ~ 100 ± 20 Å (Wagner et al. 2011). 
However, with indentation depth on the order of 10 Å, 
it is realistic to expect local asperities on the AFM tip 
would effectively reduce the “true” contact tip radius. 
Therefore, we assume model tip radius of R = 50 Å or 
larger is a reasonable estimation. 

The effect of force constant K on the F-dcurves is 
shown in Fig. 7a for R = 50 Å and V = 50 m/s. As 
expected, the larger force constant results in a non­
negligible interaction force at shallower indentation 
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Fig. 8 a Force-distance curves during loading (solid shapes) 
and unloading (hollow shapes) using five different indentation 
speeds V for a simulation with R = 50 Å and force constant 
K = 0.1 kcal/mole-Å3, and b corresponding transverse elastic 
modulus (square) and hardness (circle). Results are averages 
and standard deviations obtained from five independent trials 

The preferred parameters identified above (V = 50 
m/s, K = 0.1 kcal/mole-Å3 and R = 50 Å) were used to 
generate F-ddata and fit to the power law formula 
given in Eq. 2. The resulting elastic modulus was 
ET = 5.1 ± 0.7 GPa and the hardness was H = 
0.7 ± 0.3 GPa, both averages andstandarddeviations 
obtained from five independent simulations. This ET is 
reasonable in comparison to experimental nanoscale 
indentation measurements performed by Wagner et al. 
(2011) who reported the elastic modulus of an isolated 
cellulose crystal to have a mean value of 8.1 GPa and a 
95 % confidence interval of 2.7-20GPa (based on 85 
indents along Tunicate crystal). Finally, using a 
statistical analysis we found that the effects of radius, 
force constant and speed (in the range 10-100m/s) on 

the predicted elastic modulus in the transverse direc­
tion were statistically insignificant; these parameters 
considered both individually and in combinations can 
be said to have no effect on the elastic modulus in 
transverse direction with a 95% confidence interval. 

A closer examination of the nanoindentation model 
shows that a potential edge effect should also be 
considered (Jakes et al. 2008, 2009; McAllister et al. 
2012). The Oliver and Pharr (Oliver and Pharr 1992) 
method we used for nanoindentation calculation 
assumes the test material is homogeneous, filling a 
half-space and has a rigid support at the bottom. Since 
the rod-like shape model is finite (i.e. is not a half-
space), edge effects may be significant. In fact, we 
observed that performing the simulation using a rod 
that was half the width of the original decreased both 
the transverse elastic modulus and the hardness. 
Visual analysis of the narrow rod simulation revealed 
that the surface chains were being pushed aside during 
the indentation process suggesting that the edge 
effects should be considered. However, a detailed 
analysis is beyond the scope of this paper. 

Conclusion 

The elastic modulus and hardness of a cellulose Iß 
crystal were studied using uniform deformation and 
nanoscale indentation methods via atomistic simula­
tion. The uniform deformation method predicted 
elastic modulus by measuring the crystal's response 
to uniaxial strain in each of the three crystallographic 
directions. The elastic modulus in the c, a and b 
directions was found to be 139.5 ± 3.5, 7.0 ± 1.7 and 
28.8 ± 2.9 GPa, respectively, all of which are within 
the range of previous experimental and simulation 
results. Further analysis of the various energetic 
contributions, including hydrogen bonding, in the 
three directions revealed different deformation mech­
anisms which corresponds to the dependency of the 
elastic modulus on orientation. 

Simulations of nanoscale indentation described the 
interaction between a hemispherical indenter with the 
(110) surface of a cellulose Iß rod. Three major 
factors-indentersize, loading force and indentation 
speed-wereexamined in terms of their effect on the 
transverse elastic modulus and hardness. It was shown 
that the indenter's size and the loading force had little 
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effect on the results in the tested range. The indenta­
tion speed had little effect as well for speeds in the 
range of 10-100m/s. The prediction transverse elastic 
modulus was ET = 5.1 ± 0.7 GPa which is in good 
agreement with AFM nanoscale indentation results 
(Wagner et al. 2011). This agreement illustrates the 
possibilities of developing nanoscale indentation models 
to predict the elastic behavior of individual cellulose 
crystals. 
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