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Abstract Sliding friction between cellulose Iß nano
crystals is studied using molecular dynamics simulation. 
The effects of sliding velocity, normal load, and relative 
angle between sliding surface are predicted, and the results 
analyzed in terms of the number of hydrogen bonds within 
and between the cellulose chains. We find that although the 
observed friction trends can be correlated with hydrogen 
bonding, it may not be the most significant factor in 
determining frictional behavior on cellulose nanocrystal 
surfaces. 

Keywords Nanotribology · Polymers · Friction 
mechanisms · Dynamic modeling 

1 Introduction 

Cellulose nanocrystals (CNCs) are one of the most abun
dant nanomaterials in nature and recognized as a promising 
candidate to meet the growing demand for green, biode
gradable, and sustainable nanomaterials in future applica
tions [1, 26, 22]. CNCs are whisker-like nanoparticles 
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typically 3-20nm in diameter and 100–3,000 nm in length 
depending on their source [l]. This material has drawn 
significant interest because of its high axial elasticity and 
low density, characteristics that have been extensively 
studied over the years [20, 31, 10, 33, 36, 2]. 

In this research, we focus on the surface rather than the 
bulk material properties of CNCs. Surface properties are 
important because these materials have a high surface-to
bulk ratio which means that surface properties may be as 
significant, if not more significant, than bulk properties in 
determining observed behaviors. CNC surfaces are also 
critically important to their potential application as rein
forcement materials in nanocomposites, in which surface 
features play a major role in determining composite per
formance [ l ,  22, 16]. Here, we investigate a specific sur
face feature, the frictional resistance to sliding between two 
CNCs. 

To date, experimental friction measurements of cellu
lose materials have been performed at microscopic length 
scales using atomic force microscopy (AFM) in colloidal 
probe mode. In these experiments, a cellulose sphere 
(15-25 µm in diameter) is attached to the end of a tipless 
cantilever and slid on various substrate materials including 
regenerated cellulose (cellulose II), CNCs, silica, and mica, 
usually with the whole system emerged in various liquid 
media such as water or NaCl solution [35, 3, 32, 29, 30]. 
All of these studies reported an increase in friction force 
with normal load. In addition, they reported that friction is 
dependent on the surface chemistry [29], surface roughness 
[30], and scan length [35]. No previous study has focused 
on the sliding between two crystalline cellulose surfaces. 

While experimental measurements give us the magni
tude of frictional resistance to sliding and how it changes 
with controllable operating conditions, they cannot, to this 
point, provide information about the mechanisms 
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underlying that resistance. To address this issue, we use 
molecular dynamics (MD) simulation, which describes the 
evolution of atoms and molecules over time, to predict 
surface friction. With this tool, we can control conditions 
more tightly than in the corresponding experiment and 
"see" what is happening in the interface buried between 
the contacting surfaces during sliding [7]. MD simulation 
has been used to study the mechanical and thermal prop
erties of CNCs for years [20, 31, 10, 33, 36, 2]. 

In the current study, MD simulations are used to 
investigate sliding between contacting cellulose Iß sur
faces. This is, to our knowledge, the first reported MD 
simulation of CNC friction and the first study of friction 
between crystalline cellulose using any method. We focus 
on the effects of sliding velocity, normal load, and the 
relative angle between contacting cellulose Iß surfaces. We 
also characterize the role of hydrogen bonding following 
the suggestion that the frictional behavior of biomaterials is 
significantly affected by the formation and breaking of 
hydrogen bonds [12] and based on previous MD studies 
which showed that hydrogen bonds have a significant 
influence on the predicted mechanical properties of CNCs 
[10,  34]. We analyze observed trends in terms of the 
hydrogen bonding within and between the cellulose chains. 
Simulation results reveal important connections between 
frictional behavior and hydrogen bonding for sliding at 
CNC–CNC interfaces. 

2 Materials and Methods 

Cellulose is a linear chain polymer with the formula 
(C6 H l0 O5) n that consists of glucose repeat units; a stable 
natural crystal form, Iß, consists of cellulose chains in a 
monoclinic crystalline lattice. Snapshots of a single glucose 
repeat unit, a cellulose chain, and a cross section of the crystal 
Iß are shown in Fig. 1. The molecular model of a cellulose Iß 
crystal is based on the structure reported from an X-ray 
diffraction study (a = 0.7784 nm, b = 0.8201 nm, c = 
1.0380 nm (chain direction), n = ß = 90°, and y = 96.5°) 
[25] using Materials Studio software. The model structure and 
elasticity were previously validated by direct comparison to 
experimental measurements [34]. We initially modeled slid
ing on three different surfaces, (110), (110) and (200), and 
found that the magnitude of the friction depends on the sur
face. However, the effects of load, velocity, and orientation do 
not change, i.e., these parameters affect friction on any surface 
in the same way. Therefore, the results shown in this paper 
correspond to the (200) surface, labeled in Fig. 1, which has 
been shown to be common in plant-based cellulose nanoma
terials [11], and is ideal from a simulation perspective 
because the strong hydrogen bonding within layers provides 

Fig. 1 Illustration of the construction of a model CNC. The leftmost 
image shows a glucose repeat unit the building block of cellulose. 
Carbon, oxygen, and hydrogen atoms are labeled: sphere sire is not 
representative of atomic dimensions. Glucose is connected through 
the link to form a linear cellulose chain as shown in the 
middle. The chains are assembled in the Iß crystal structure as shown 
on the right with the (200) surface labeled. The cross section of the 
crystal is defined by unit cell parameters a, b, and y 

resistance to wear and surface damage that can occur during 
sliding. 

The simulation system is a fully atomistic model that 
describes sliding between two cellulose Iß surfaces. The 
model components are shown schematically in Fig. 2a, 
where cellulose chains are represented by blocks. The 
cellulose substrate consists of two layers: top and bottom. 
The atoms in the bottom layer of the crystalline substrate 
are immobile to ensure a stable simulation system, and 
those in the top layer are free. The mobile cellulose is 
constrained such that it acts as a rigid body to which lat
eral velocity (Vmc) and normal force (N ) can be applied. 
The boundaries in the x and z directions are periodic to 
model an infinitely large substrate, and a fixed boundary is 
used in the surface normal y direction. There are two 
potential sliding interfaces in the model the primary 
interface between the mobile cellulose and top substrate 
layer and the secondary interface between the two sub
strate layers. Figure 2b shows a schematic top view of the 
model where we define the reference axis along the chain 
direction of the substrate molecules, and 8 describes the 
angle between the chain direction of the mobile cellulose 
and the reference direction. When = 0°, the cellulose 
chains in the top substrate layer and the mobile cellulose 
are aligned. All simulations are conducted with LAMMPS 
software using the ReaxFF force field [9, 19]. ReaxFF is a 
reactive force field that explicitly describes covalent 
bonds, bond angles, bond angle torsion, van der Waals 
forces, Coulombic interactions, and hydrogen bonds. It has 
been successfully used to predict mechanical properties of 
CNCs [34]. 

First, a cellulose Iß crystal is equilibrated in the NPT 
(constant number of atoms, pressure, and temperature) 
ensemble at 300 K and 1atm using a Nod-Hoover 
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Fig. 2 a Illustration of the model components where blocks represent 
single cellulose chains. Periodic boundary conditions are applied in 
the x and z directions and a fixed boundary condition in the 
y direction. The mobile cellulose is constrained as a rigid body to 
which a lateral velocity Vmc, and a normal force N can be applied. b 
Top view of the mobile cellulose and the top substrate layer. The 
angle of the mobile cellulose with respect to the top substrate layer is 

thermostat for 100 ps, relaxing both inner and outer con
straints. Then, the (200) surface is chosen and placed fac
ing the positive y direction serving as the substrate. The 
mobile cellulose is added to the model on top of the (200) 
surface at angle 8. The entire system is then equilibrated at 
300 K i n  the NVT (constant number of atoms, volume, and 
temperature) ensemble for 10 ps. The first equilibration 
allows the CNC substrate to attain a stable configuration at 
room temperature, and the second equilibration allows the 
mobile cellulose to reach an equilibrium position above the 
substrate determined by the interfacial forces. The angle 8 
does not change during equilibration. 

After equilibration, the mobile cellulose is given a 
constant velocity Vmc in the negative x direction parallel to 
the surface; the other components of velocity (i.e., y and z) 
are unconstrained. The velocities applied in the simulation 
are much higher than those of typical AFM experiments. 
This limitation is due to the computational time required to 
model realistic systems. For example, it requires more than 
200 h to simulate frictional sliding with a distance of 
7.2 nm and 1 m/s sliding velocity for our CNC model 
containing about 6200 atoms. Previous research has shown 
that MD simulation can capture several key aspects of 
atomic-scale friction measured using AFM, despite the 
difference in velocities, but that direct comparisons must 
be made with caution [7]. Discussion of simulation results 
in the context of experimental measurements is presented 

in Sect. 3.5. A constant normal load N in the negative 
y direction is uniformly applied to all atoms in the mobile 
cellulose. The total sliding distance of the mobile cellulose 
is 7.2 nm. The lateral force on the mobile cellulose is 
recorded throughout the simulation. The maximum and 
minimum lateral forces are calculated by identifying the 99 
and 1% of the ordered force data, respectively. The mean 
force is averaged over the entire sliding distance. Each 
simulation condition is repeated four times to calculate the 
average values and uncertainties. We analyze how the 
maximum and mean force varied with velocity of mobile 
cellulose (V mc), normal load (N ), and the orientation of the 
mobile cellulose with respect to the substrate 

Intra- and interchain hydrogen bonding are considered 
to be very prevalent within the cellulose Iß (200) plane 
(named the “hydrogen-bonded’ plane), in which the chains 
are strongly bonded to each other through hydrogen bonds 
[24, 23]. Also, studies of other hydrogen-bonded materials 
identified hydrogen bonding as one factor affecting friction 
at the nanoscale [12, 13]. It is therefore possible that 
hydrogen bonding also plays a role in sliding between our 
mobile cellulose and the substrate. To analyze this poten
tial effect, we count the number of hydrogen bonds (NHB) 
at the top and secondary interfaces, and within the top 
substrate layer using VMD software for each case. 
The cutoff distance and angle criteria used to define a 
hydrogen bond are 0.35 nm and 30°, respectively [18]. 

3 Results and Discussion 

3.1 Friction Between CNCs 

A typical lateral force profile is shown in Fig. 3 as a solid 
black line. Horizontal lines indicate the mean, maximum, 
and minimum forces, in this case calculated from the first 
3.6nm of sliding. We observe a sawtooth pattern charac
teristic of stick-slip motion where the periodicity of the 
pattern reflects the lattice structures of the contacting 
materials. 

As mentioned in the previous section, hydrogen bonding 
is believed to play a key role in the material properties of 
CNCs. To understand the effect of hydrogen bonding in 
sliding, we compare model predictions with hydrogen 
bonds “on” and “off,” where hydrogen bonds are artifi
cially removed by setting the cutoff distance to zero. 
Applying this criterion, no hydrogen bonds exist when the 
distance between hydrogen and oxygen atoms is greater 
than zero, which effectively removes all hydrogen bonds. 
This type of analysis has been performed before to 
understand the role of hydrogen bonding in the elastic 
properties of CNCs [10,  34]. Here, we analyze sliding for 
the case where Vmc = 50 m/s, N = 0 nN, and = 0°. 
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the same order of magnitude as those reported previously 
(F0 = 0.019 nN and V0 = 0.0023 m/s [12]). Fitting to data 
from simulations with the fixed top substrate layer yields 
similar values. 

We have shown in Fig. 6a that NHB decreases with 
sliding velocity whether the top substrate layer is fixed or 
not. However, we also observe in Fig. 4 that friction 
decreases with velocity only when the top substrate layer is 
fixed. This discrepancy can be explained by recalling that 
the velocity of the top substrate layer increases with Vmc as 
shown in Fig. 5. This increase is associated with an 
increase in friction because there are more avenues for 
energy dissipation when the top substrate layer is mobile. 
We verified the correlation between mobility, energy dis
sipation, and friction by calculating the energy dissipation 
rate at the fastest velocity (100 m/s) from simulations with 
and without top substrate layer mobility. The energy dis
sipation rate is 44 % larger when the top substrate is 
mobile. Therefore, the observation that there is no depen
dence on velocity for the free top substrate layer case can 
be attributed to the opposing effects of the increasing top 
substrate velocity (which increases friction) and decreasing 
number of hydrogen bonds (which decreases friction). 

In summary, we found that mean friction is independent 
of velocity, but that this behavior is the result of two 
mechanisms that had opposing effects on friction. First, 
increasing Vmc caused a decrease in NHB at the primary 
interface, leading to a decreased mean lateral force. We 
quantified the role of hydrogen bonding by fitting the data 
to an expression that quantitatively relates velocity, 
hydrogen bonding, and friction force. Second, increasing 
Vmc increased the mobility of the top substrate layer, which 
caused an increased mean lateral force. These effects were 
isolated by restricting the motion of the top substrate layer, 
which resulted in a decrease of friction with velocity. The 
analysis revealed that both hydrogen bonding and top 
substrate layer mobility are factors in velocity dependence. 
However, the results do not preclude the possibility that 
other effects, for example, interatomic forces, besides 
hydrogen bonding, may play a role. 

3.3 Load Effect 

Normal load affects frictional sliding on any length scale, 
but the relationship between load and friction is particu
larly complicated on small scales where adhesion and 
atomic roughness can become a significant factors [17, 21]. 
Friction is typically reported to increase monotonically 
with load, although how quickly it increases appears to be 
dependent on a variety of material and operating conditions 
[7]. In our simulations, we apply normal forces between 0 
and 40 nN directly to the atoms in the mobile cellulose. 
The velocity is constant at Vmc = 50 m/s and angle 

Fig. 7 The mean (open black squares) and maximum (open red 
circles) lateral forces increase linearly with normal load N with slopes 
of 0.06 and 0.22, respectively. The forces at each normal load are 
averaged over four trials to calculate the uncertainty. The simulation 
conditions are as follows: Vmc = 50 m/s and = 0° 

= 0°. As shown in Fig. 7, the lateral forces increases 
linearly with load where the slope, i.e., coefficient of 
friction (COF), is 0.06 and 0.22 when calculated from the 
mean (open black squares) and the maximum (open red 
circles) forces, respectively. The static COF (maximum 
force slope) is greater than the kinetic COF (mean force 
slope) as expected. 

In general, load can increase resistance to sliding by 
increasing the real area of contact or increasing the strength 
of the interaction between the two surfaces. For our sim
ulation, the mobile cellulose size is fixed, so load only 
affects friction through the interatomic interaction. Inter
atomic interactions are a direct function of interatomic 
distance. It is therefore relevant to analyze the effect of 
load on the average interlayer distance at the primary and 
secondary interfaces (calculated as the distance in the z 
direction between the COM of two adjacent layers). Fig
ure 8 shows that increasing the load from 0 to 40 nN 
causes the distance at the primary interface (open black 
squares) to decrease by -0.1nm, which is approximately 
114 of the equilibrium distance between the two layers in a 
cellulose Iß crystal. The distance at the secondary interface 
(solid red circles) decreases only slightly. Note that, loads 
larger than 40 nN cause some of the covalent bonds in the 
cellulose molecules on the top substrate layer to break and 
with continued sliding, the substrate's structure is ulti
mately destroyed. 

We also consider the effect of load in terms of hydrogen 
bonding. Figure 9a shows how NHB varies with load. We 
observe that the NHB at the primary interface (open black 
squares) increases with load N; this is consistent with the 
observation that the distance between layers decreases with 
the load (Fig. 8, open black squares), thereby allowing 
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the process. Finally, an analysis of the misaligned cases 
revealed a lack of symmetry that indicated sliding direction 
may also affect lateral force. 

3.5 Relationship to Experiments 

As mentioned in the Introduction, microscale friction 
experiments have been performed using colloidal probe 
AFM. The simulations of nanoscale sliding between two 
CNCs are not directly comparable to these experiments for 
several reasons: The experiments do not capture sliding 
between crystalline surfaces; experiments were performed 
in liquid environments; and, experimental length and time 
scales are larger than those accessible to the simulations. 
However, it is relevant to consider any similarities that may 
exist between results obtained using the two methods. 
Recall from the Sect. 3.2 that the simulations predicted no 
statistically significant effect of velocity on friction. This is 
consistent with the results of colloidal probe AFM mea
surements, which also showed no velocity dependence, 
albeit at much lower velocities (10-8 and 10-5 m/s) [35]. 
There is also consistency between experiment and simu
lation in the effect of load. First, both predict that friction 
increases linearly with normal load [29, 30]. Further, 
experiments performed with a very small scan length 
(10 nm) yielded a kinetic COF of 0.05 which is remarkably 
consistent with our simulation-predicted COF of 0.06 from 
a 7.2 nm scan length. Experiments with larger scan lengths 
(2 µm) reported COFs in the range of 0.41-1.18, which 
emphasizes the important role of length scale. Unfortu
nately, the orientation effect findings from simulation 
cannot be compared to experiment since alignment (and 
misalignment) is only possible with two crystalline mate
rials. Despite the difference between the present simula
tions of nanoscale CNC-CNC contact and previous 
experiments using microscale colloidal probe AFM, the 
consistency of some trends in velocity and load depen
dence suggests that some of the mechanisms revealed by 
the simulation may be relevant on larger length scales and 
for more complex material combinations. 

4 Conclusions 

In summary, MD simulation was used to study the fric
tional resistance to sliding on cellulose Iß. We focused on 
the effect of velocity, load, and surface orientation on the 
mean and maximum lateral force and analyzed each of the 
observed trends in terms of NHB formed between the 
contacting surfaces. These analyses revealed that there was 
some consistency between variations of friction with 
velocity, load, and orientation and the variation of NHB. 
However, other effects were also identified including the 

mobility of the top substrate layer, direction of sliding 
relative to the chain orientation, and interlayer distance at 
the interfaces. These observations suggest that, although 
hydrogen bonding may play a role in sliding resistance on 
CNC surfaces, it may not be the most significant factor. 
This is supported by the observation that the total NHB 

between layers at either the primary or secondary was 
small compared to that within individual chains and that 
some NHB trends in (such as the dependence on parallel vs. 
anti-parallel orientation) do not appear to affect friction. 
The distance between layers at the primary interface is 
likely to be a key factor as it affects not only hydrogen 
bonding but also other interactions, such as van der Waals 
and Coulombic forces, whose strength also depends on 
interatomic distance. Although we did not explore these 
interactions here, their role may be significant, and further 
research to explore their contribution could provide addi
tional insight into how sliding happens between two cel
lulose nanocrystals. 
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