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Abstract Cellulose, the abundantly available and
sustainable biopolymer, exhibits intrinsic mechanical
properties superior to many high-performance struc-
tural materials. The exceptional mechanical properties
of cellulose-based materials inherently hinge upon
their bottom-up hierarchical material structure starting
from cellulose molecular chains to large scale fibers.
However, fully atomistic simulation of such materials
at experimental sample dimension becomes computa-
tionally prohibitive for the exploration of mechanics
involving length scale effects. To address this chal-
lenge, here we develop a bottom-up, scalable coarse-
grained (CG) modeling scheme of cellulose materials
to study the deformation and failure mechanism of
cellulose-based materials with insight of the interplay
among cellulose building blocks at different length
scales, starting from molecular chain, to nanofiber, and
finally to microfiber scales. After studying the
response of cellulose fibers under different loadings
such as shearing and opening, this CG scheme is
applied to study the deformation process of a cellulose
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nanopaper under tension, thus revealing the nanoscale
failure mechanism otherwise impossible by atomistic
simulations. In addition, the CG model also predicts
the strength and stiffness of the nanopaper with respect
to varying fiber lengths. Given its scalable nature, such
a CG modeling scheme can be readily adapted to study
the mechanical behaviors of other cellulose-based
materials with mechanistic insight from molecular
scale, and thus holds promise to foster the design of
cellulose-based high-performance materials.
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Introduction

Cellulose is gaining increasing attention due to a
multitude of desirable properties such as high stiff-
ness, strength and toughness, low density, and sus-
tainability (Klemm et al. 2005; Ioelovich 2008; Kalia
et al. 2011; Moon et al. 2011b; Dufresne 2017; Chen
et al. 2020). Given the environmental issues related to
high carbon footprint and emissions that exist in the
21st century, significant research efforts are invested
in green, nature-inspired materials. The fact that
cellulose is abundantly available from diverse natural
sources such as plants, bacteria, tunicates and algae,
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makes it a desirable bio-based polymer for utilization
in sustainable materials engineering. Currently, cellu-
lose-based materials have been used in applications
such as high-performance structural materials (Li et al.
2016; Zhu et al. 2016; Song et al. 2018b; Zhou et al.
2019), additive manufacturing (Sydney Gladman et al.
2016; Li et al. 2017), smart textiles (Jia et al. 2018),
flexible and wearable electronics (Zhu et al. 2014a;
Fang et al. 2019), energy storage (Zhang et al.
2017, 2019; Song et al. 2018a), thermal management
(Diaz et al. 2014), microfluidics (Shin and Hyun
2017), biomedical devices (Czaja et al. 2007), tissue
engineering (Svensson et al. 2005; Miiller et al. 2006)
and thermal management (Li et al. 2019). In many of
these applications such as high-performance structural
materials, the importance of the fundamental insights
offered by detailed mechanics based studies (Meng
and Wang 2019; Chen et al. 2020; Ray et al. 2020) is
paramount.

To address the structure-performance relation of
cellulose materials from a bottom-up perspective
where experimental characterization is difficult,
molecular dynamics (MD) simulations are extensively
used to study in the nanoscale and envision macroscale
predictions (Wu et al. 2013, 2014; Sinko et al. 2014;
Sinko and Keten 2015; Xia et al. 2018). A recent study
(Zhu et al. 2015) uses MD simulations to reveal that
the anomalous but desirable scaling law of simulta-
neous increase of the two conflicting mechanical
properties of cellulose nanopaper (i.e., strength and
toughness) is due to the facile breaking and reforma-
tion of hydrogen bonds between the neighboring
molecular cellulose chains. In separate studies, MD
simulations have complemented experiments to shed
mechanistic insights on various material systems such
as oxidized wood fibers (Fang et al. 2014), cellu-
lose/carbon nanotube macrofibers (Li et al. 2017),
cellulose/graphene-oxide microfibers (Li et al. 2015),
bacterial cellulose microfibers (Wang et al
2017, 2018), wood films (Zhu et al. 2017) and
cellulose-graphite composites (Zhou et al. 2019).
However, in spite of the advantages against experi-
mental characterization, there are limitations in using
MD simulations as a modeling tool.

MD simulations, usually effective at the nanometer
length scale and at the time scale up to nanoseconds,
are severely restricted to model material systems at the
length scale comparable to experimental specimen
because of the prohibitive computational expenses.
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Hence coarse-grained (CG) modeling schemes are
desirable to bridge the gap between the nanoscale
properties with the continuum (Fan and Maranas 2015;
Song et al. 2018b). Several CG models with variable
mapping degrees have been developed in the past for
mechanics studies, such as predicting strategies for
improving the mechanical strength of cellulose
nanopapers (Qin et al. 2017) or capturing the elastic
properties of the cellulose nanocrystals (Shishehbor
and Zavattieri 2019). But these existing CG models
are either unable to differentiate between smaller
nanofibrils and larger microfibers or may not be able to
model random network of cellulose probably due to
modeling approximations. Another study (Me-
handzhiyski et al. 2020) uses a non-scalable CG
scheme to model a highly porous percolative network
representative of cellulose based hydrogels. This
model captures the value of elastic modulus for a
single cellulose fibril close to experiments but the
reported strength of fibrils (~700 MPa) is order of
magnitudes lower than the previous estimated fibril
strength of 6-10 GPa (Ahmed et al. 2005; Saito et al.
2013). Other random network modeling for cellulose
based systems (Isaksson and Higglund 2009; Mao
et al. 2017; Goutianos et al. 2018) uses finite element
modeling (FEM) at continuum length scales, which
cannot consider the interactions among cellulose
fibers, the key to understanding the deformation
behaviors of cellulose based materials. Hence, a CG
modeling scheme of cellulose materials to study the
deformation and failure mechanism of cellulose-based
materials with insight of the interplay among cellulose
building blocks at different length scales, starting from
molecular chain, to nanofiber, and finally to microfiber
scales is essential.

Here, we present a bottom-up, scalable CG
scheme based on atomistically informed MD simula-
tions to study the response of cellulose fibers under
various representative loading, such as shearing and
opening. In addition, we devise a random network
model of cellulose fibers, mimicking cellulose
nanopaper as fabricated in experiments, and demon-
strate the relation of strength and stiffness with respect
to various cellulose fiber lengths. The depiction of
cellulose film fracture, otherwise impossible by lower-
level atomistic MD simulations, can also be effec-
tively captured by the CG simulations. Our scalable
CG scheme consists of three levels, ranging from
Level-1 (smallest fiber diameter), Level-2 to Level-3
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(maximum fiber diameter). The present CG model has
the scope to be extended to further complex material
systems, such as hybrid cellulose fibers having vari-
able diameters by using (Wang et al. 2020) different
CG beads at Level-1, Level-2 and Level-3 as the
fundamental building blocks. The potential energy of
constructed  fibers can be  obtained as
E(new) = \/E(a) x E(b), through the customary
Lorentz-Berthelot mixing rules (Boda and Henderson
2008), where E(a) and E(b) are the potentials obtained
in any two stages of Level-1, Level-2 or Level-3. Thus
the developed CG model presents multifaceted oppor-
tunities in the mechanics design of novel cellulose
based materials.

A bottom-up, scalable CG modeling
scheme of cellulose materials

The CG modeling scheme starting from one molecular
chain of cellulose and using data from atomistic
simulations is devised step by step to scale up to
lengths reaching micrometers. To design the first level
of the CG model (Fig. 1a), referred to as Level-1 CG
hereafter, we represent the assembly of 21 carbon,
oxygen and hydrogen atoms present in one anhy-
droglucose monomer (CgH;9Os) unit of a molecular
cellulose chain by a single CG bead. This bead is
chosen so as to minimize the risk of artifical reduction
of conformational degrees of freedom due to its much
softer torsion potential (Fan and Maranas 2015). To
evaluate the equilibrium bond length (R,) (Fig. 1b),
bond angle (6, (Fig. 1c) and the dihedral angle (®,)
(Fig. 1d) between the Level-1 CG beads, we construct
three separate atomistic models consisting of 2, 3 and
4 glucose units of cellulose, respectively, in a water
simulation box (Fan and Maranas 2015) with dimen-
sions of 36 A by 20 A by 20 A. The initial
parametrization (Level-1) of the CG model thus takes
into account the effect of bound water. After model
relaxation using the conjugate gradient algorithm to
minimize the total energy of the system until the total
atomic forces are less than 10710 eV/A, we apply
canonical ensemble (NVT) at 300K to equilibrate the
system with time and calculate the center of mass
(Izvekov and Voth 2005) of each glucose unit from the
atomic trajectories. Each of the bond length (R), bond
angle (0) and dihedral angle (®) terms are obtained as
the system evolves with time towards equilibration, by

averaging 50 trajectories of an equilibrated configu-
ration, for each of Fig 1b—d. The bond length, bond
angle and dihedral angle data obtained from these all-
atom simulations were then superposed to represent
the bonded interactions of the Level-1 CG model.
When each curve stabilizes (Fig. 1b—d), we obtain the
equilibrium parameters of R, (0.546 nm), 6o (163.27°)
and @, (171.42°). Timestep in our simulations is set as
0.25 fs. A larger timestep is expected to yield
coincidental results of the elastic region in the stress-
strain plot but can mitigate the important features of
oscillations in the plot and thus avoided here (Rouhi
2019).We employ the REAX potential (Mattsson et al.
2010) known to effectively capture force interactions
in cellulose models to run our simulations.

The bonded interactions (Up,,s) in a molecular
chain to incorporate the stretching, bending and
twisting (Ogawa 2019) is captured by three terms:
two-body bond energy term, three-body angle energy
term and the four-body dihedral energy term:

Ubona = Zkbond(R - Ro)2+ Zkangle(e — 00)2
+ deihed(l + COS((I) - q)o))
(1)

To compute each bonded force parameter (kpq,
kangie and kg;peq), we stretch, bend and apply torsion to
atomistic single cellulose chain models with 2, 3 and 4
glucose units, respectively, and compare the potential
energies of the atomistic models with the correspond-
ing analytical equation (1) representing the Level-1
CG model. The force acting on one Level-1 CG bead is
matched with the reference forces, as proposed by
(Izvekov and Voth 2005), acting on 21 carbon, oxygen
and hydrogen atoms obtained from atomistic simula-
tions. The CG bonded parameters are evaluated as
Kpona = 90.283 kcal mole ™' A ™2, Kupgre =111.5109 keal
mole ™! deg_2 and kyjp.q =8.409 kcal mole™!, which
compare well with previous literature literature (kg
= 89.86 kcal mole 'A% ke =106 keal mole™
deg72 as in (Fan and Maranas 2015). We model the
non-bonded interactions between beads of the adja-
cent chains (U,,.,) by

Uinter = 4uo_inter (Vo_inter/r)g_(ro_inter/r)6 ) (2)

where r is the separation distance between the beads at
any given time, and the non-bonded energy parameters
Uy imer and 7, e, characterize the depth of the
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Fig. 1 a Level-1 CG scheme. Each glucose unit of the
molecular cellulose chain is mapped as one Level-1 CG bead
of cellulose. b—d Evolution of the b bond length (R), ¢ bond
angle (0) and d dihedral angle (®) versus time (fs) obtained from
atomistic simulations. The equilibrated bond length R,, bond
angle 60, and dihedral angle ®,, are computed as 0.546 nm,
163.27 and 171.43, respectively. e Plot of non-bonded

potential well and the equilibrium position of the pair
potential, respectively, which are derived from the
explicit hydrogen bond energy term of the REAX
potential at the atomistic level. Equation (2) is known
to capture non-bonded interactions (Srinivas et al.
2011), designated by wider potential wells, between
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interaction energy between beads of neighboring chains Uy
(kcal/mole) versus the distance of separation (r) of the beads for
evaluation of the non-bonded parameters for Level-1 of the CG
scheme. f Plot of non-bonded interaction energy between beads
of the same chain Uy, (kcal/mole) versus the distance of
separation (r) of the beads for evaluation of the non-bonded
parameters for Level-1 of the CG scheme

neighboring chains. Furthermore, we represent the
non-bonded interactions between beads in the same
chain (Uintra) by

12 6
Uintra - 4uo_intm |:(r0_intm/r) _(ro_intra/r) i| ) (3)
where U, _jnrq and 1, ., are of similar meaning as
Uo_inter a0A T, inser, Tespectively. To evaluate Uy, and
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Uinira, We vary the distance between two glucose units
representing two CG beads to obtain the non-bonded
interaction energies relative to the separation distance
r as shown in Fig. le and 1f, respectively, and then
calculate the non-bonded parameters (i, i and
To_inters Wo_intra A0d Ty inrg) by curve fitting as shown
in Fig. le—f.

For representing the Level-2 CG scheme (Fig. 2a),
we construct a model that comprises of 36 Level-1
beaded chains based on the crystalline structure of
cellulose 1B, most commonly found in plants (Moon
etal. 2011a). Each chain contains 6 Level-1 CG beads.
The CG bead length for Level-2 is ~3.384 nm. To
evaluate the bonded force parameters of the Level-2
from Level-1, we assume periodic conditions so that
each bead is connected to two other beads on its two
sides. Also, since the cellulose structures show self-
similarity in one direction (self-affine) (Redinz and
Guimarides 1997; Fan et al. 1999; Buzio et al. 2004;
Konas et al. 2009), we use the techniques of compar-
ing the parametric bonded force parameter equations
of corresponding CG levels for scaling up as used in
previous other literatures (Zhu et al. 2014b). For
example, since 36 chains each comprising of six beads

_~
=
S

form one bead of the Level-2, the equation of bond
energy of two connected beads of Level-2 (L2) is
given by

Ubond_12 = kbona_12bi1¢i11[6(R — R,))? (4)

where b; | and c; (stands for the number of bonds and
chains, respectively, formed at CG Level-(i41). When
i=1, it represents parameters from Level-1 and hence (i
4+ 1) denotes parameters of Level-2. From our
calculations, b;, = 2 and c¢;,;= 1. The bond energy
equation of the corresponding Level-1 (L/) beads is
given by

Ubona_11 = kpona_1bici[(R — R,))? (5)

where b; = 12 and c¢;= 36 represents the number of
bonds and chains, respectively, formed by Level-1 CG
beads, respectively, to scale up to the CG Level-2.
Comparing  the equations (4) and (5)
(Ubona_12 = Upona_11), we have

kpona_12 = 6kpopa_11 (6)

The angle energy term of the corresponding Level-
1 beads forming three Level-2 CG beads is given by
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Fig. 2 alLevel-2 CG scheme. Here, 36 chains, each comprising
of six Level-1 CG beads are mapped to form one Level-2 CG
bead as shown in the schematic. The bond length between two
Level-2 CG beads is 3.384 nm. b—c Plots of non-bonded vdW
interaction energy b between beads of the adjacent chains Uy,
(kcal/mole) and ¢ between beads of the same chain Uiy,
(kcal/mole) versus the distance of separation (r) of the beads for
evaluation of the non-bonded parameters (r,and U,) for Level-2
of the CG scheme. d Level-3 CG scheme. Here, 7 chains, each

comprising of six Level-2 CG beads are mapped to form one
Level-3 CG bead as shown in the schematic. The bond length
between two Level-2 CG beads is 20.304 nm. e—f Plots of vdW
interaction energy with e neighboring beads of different chains
Usinter (kcal/mole) and f adjacent beads of the same chain Ujy,,
(kcal/mole) versus the distance of separation (r) of the beads for
evaluation of the non-bonded parameters for Level-3 of the CG
scheme
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UangleALl - kangleAleici(e - 60)2 (7)

where b; = 18 represents the number of bonds from
beads and c¢,= 36. The corresponding angle energy
term of the Level-2 beads is given by

Uungle_L2 = angle_LZbH—lCi+l (0 - 00)2 (8)

where b; ;1 =3 and c;, = 1 represents the number of
bonds and chains, respectively, formed by Level-2
beads. Comparing (7) and (8), we get

kangleALZ = 216kangleAL1 (9)

Similarly, comparing the two dihedral energy
terms, we obtain

kainea_12 = 216Kk gineq_r1 (10)

To evaluate the non-bonded interactions between
different (U;.,) and same chains (Uj,.4), the Level-1
structures as shown in Fig. 2a are energy minimized
and equilibrated following similar procedure as before
and then modeled as rigid bodies to restrict the natural
twisting of the cellulose bundle (Ogawa 2019). The
non-bonded force parameters (Uj,er) and (Ujpyyg) are
evaluated by fitting the corresponding energy versus
separation distance curve as shown in Fig. 2b, c,
respectively, to obtain the non-bonded force param-
eters Uo_inters To_inters Uo_intra and Yo__intra- It is to be
noted that the structure in Fig. 2a has a non-symmetric
hexagonal shape with three different interfaces. The
non-bonded interaction energies per unit area relative
to the separation distance r, across three different
interfaces are computed (Fig. S1 in supplementary
information). The magnitudes of the normalized
potential well in the three plots are observed to be
almost identical. This suggests that non-bonded inter-
action energies per unit bead are relatively constant
irrespective of the interface. Hence, the maximum
inter-bead distance bound is used here to parametrize
non-bonded interaction energy while scaling up from
Level-1 to Level-2. This is a reasonable choice to
avoid the overlap of the fibers at higher levels of the
developed CG scheme and thereby simplifying the
modeling scheme without loss of generality.

For Level-3 CG (Fig. 2d), we construct the beads of
crystalline cellulose with 7 Level-2 beaded chains,
each containing 6 Level-2 beads, to model a micron-
scale cellulose fibril having a diameter of 10.98 nm, in
accordance with experimental observations (~ 10-15
nm as in (Zhu et al. 2014a)(Szymanska-Chargot et al.
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2017). The CG bead length for Level-3 is ~20.304
nm. We use similar procedure as in Level-2 to
compute the bonded force parameters for Level-3
(L3). For denoting parameters of L3, the subscript
(i+2) is used following the usual notations as before.
Here, we obtain

kbond_LS = 7/ 6kb0nd_L2 (1 1)

Similarly, the angle parameter at Level-3 is
calculated

kangle_L3 = 42kangle_L2 (12)

Also, the dihedral parameter at Level-3 is calcu-
lated following the same equation and is represented
as

kainea_13 = 42Kginea_12 (13)

The non-bonded interactions between different
(Uinter) and same chains (Uj,,) are evaluated by
fitting the corresponding energy versus separation
distance curve of Level-2 beads forming correspond-
ing Level-3 beads as shown in Fig. 2e—f, respectively,
to obtain the non-bonded force parameters of Level-3.
We carry the CG simulations in LAMMPS (Plimpton
1995). All CG force field parameters values evaluated
across Level-1 to Level-3 are listed in Table 1.

Results and discussion

To validate our CG modeling scheme, we compare the
Level-1 CG model, comprising of beads as described
in Fig. 1a with full atomistic modeling (AM). Here, a
cellulose bundle with seven molecular chains, each
having 8 repeat units (8 glucose monomer units) and
length 4.38 A as shown in Fig. 3a (top panel). An
equivalent Level-1 CG model consisting of 7 chains,
each containing 8 repeat units (Level-1 beads) is also
constructed (Fig. 3a, bottom panel). The models are
energy minimized first (Fig. S2 in supplementary
information) before carrying out the simulations using
microcanonical (NVE) ensemble to make the condi-
tions comparable with the all-atomistic model used in
the reference (Zhu et al. 2015). The simulations mimic
inter-fiber sliding of the cellulose chains in the fiber
bundle and the middle chain (inset of Fig. 3a) is pulled
out. We compare the variation of total potential energy
(Fig. 3b) during the sliding process for the above two
(AM and CG) simulation models. The results from the
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Table 1 CG force field potential parameters

Level-1 Level-2 Level-3
Ro 0.564 nm 3.384 nm 20.304 nm
Kpond 90.28 kecal mole™'A™2 541.69 kcal mole A~'A~2 631.98 kcal mole™'A™2
Kangte 111.51 kcal mole™" deg™2 24086.35 kcal mole™" deg™> 1011626.88 kcal mole™" deg™
Kained 8.41 kcal mole™ 1816.34 kcal mole™! 76286.45 kcal mole ™!
Uo_intra 129.10 kcal mole™' 2895.42 kcal mole™ 1004.87 kcal mole™
To_intra 0.47 nm 3.22 nm 20.17 nm
Uo_inter 34.77 keal mole™ 212.97 kcal mole ™ 2128.43 kcal mole™
To_inter 0.537 nm 4.093 nm 10.983 nm
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Fig. 3 Validation of the Level-1 CG model with an atomistic
model (AM) from previous literature (Zhu et al. 2015). Here, the
atomistic model consists of seven molecular cellulose chains,
each having 4 repeat units (eight glucose units, as illustrated in
the zoom-in view). The middle chain is pulled out of the
surrounding six neighboring chains. To verify our scheme, we

AM model are obtained from Ref. (Zhu et al. 2015).
The pulling is initiated by applying a velocity of
0.001A/fs in the first glucose unit and the first CG bead
of the AM and CG models, respectively. The initial
increase of both curves results from the tension of
cellulose chains. At the initial stages of pulling out of
middle chain in the CG simulations, the applied
tension is transferred stepwise starting at the pulled
end and slowly transmitted to the other end of the
chain. During the initial stages before the advent of
inter-fiber sliding, the energy variation in the CG
simulations is captured by the bond energy incorpo-
rated within equation (1). This equation developed
using the coarse-graining methodology is an approx-
imated form of the bond energy described by the
REAX potential, developed using first principle cal-
culations in atomistic simulations. The lag in the

Energy variation (kcal mol')&

o
(=3
(=]
>

200 | j-'qj‘\ ]

100 t ]
/ —— AM (Zhu et al. 2015)
—CG

2 3 4 5 6
Displacement (nm)

build an analogous CG based model to mimic the pulling out
simulation. The potential energy variation (kcal mole™) with
respect to the pulling displacement (nm) is plotted and the
energy variation matches well with the atomistic simulation
results for ref. (Zhu et al. 2015)

energy variation curve obtained through CG modeling
is mainly because of the energy drop due to the
approximations while formulating the CG scheme.
When the whole chain slides, both curves of the
energy variation versus pulling displacement feature
the zigzag nature, indicating the cascade of hydrogen
bond forming (curve rise till the local peak), breaking
(curve drop from local peak to local trough) and
reforming (curve rising from the trough to the next
peak), a representative feature of the relative sliding
between cellulose chains. The similar tendency and
amplitude of the zigzags in both curves show that the
CG model is accurate enough to the parameterization
of bond and non-bond interaction. The maximum
amplitude of the CG model (corresponding to dis-
placement ~ 1.5-4.8 nm) is within 1.6% tolerance to
that predicted by the atomistic model. Since the
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maximum energy dissipated while sliding is an
indicator of the extent of breaking and reformation
of the hydrogen bonds before final failure, the
accuracy of median energy and amplitude of curve
suggests that the developed CG model can effectively
capture the failure modes in cellulose fibers. This
proves that our CG model can capture reasonably well
the hydrogen bond breaking and reforming of the
molecular cellulose, a deformation mechanism dissi-
pating a significant proportion of energy while the
cellulose fibers are undergoing interfacial sliding.
Figure 4 plots the mechanical response of the
cellulose fibers under two representative loadings such
as shearing and opening. In shearing loading, two
fibers, each 1.22 um long, comprised of 60 Level-3 CG
beads, slide (red arrows in Fig. 4a) against each other
parallel while in opening loading, the same two fibers
are opened by pulling the left most beads (red arrows
in Fig. 4c) away from each other. For the shearing

(a) | 1 .2? pum }
4—& 000006

6666 69%
90 00060666666 ¢6—

L1
-g :_\30000
=9
g2
§ £ 20000}
> s
éﬁé]oooo
g I
% 04 08 12
Displacement (um)
(b)
g - 2
/ / I 1
;L [
—@—@— —@—@—

= = = non-bonded interactions

Fig. 4 Simulations of shearing and opening between two fiber
models built using Level-3 beads from the devised CG scheme.
Each of the two fibers have length 1.22 pm. a Potential energy
variation (kcal mole™") versus the pulling displacement (pm) as
the fibers slide relative to each other, indicating shearing.
b Schematic showing the beads under shearing deformation
causing the peaks (first peak labelled 1 in blue) and troughs (first
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mode, the pulling is initiated by applying a velocity of
0.0001A/fs to the end beads. The temperature is
controlled around 5K to reduce the thermal noise
while undergoing shearing. For the opening mode,
fibers are separated by applying a velocity of 0.0001A/
fs to the leftmost beads (red arrows in Fig. 4c). The
other ends of the fibers undergoing deformation by
opening are allowed motion only along x- and
y-direction (wiggly lines in Fig. 4c schematic) to
execute pure opening deformation modes in our
model. Both the shearing and opening simulations
are performed under microcanonical ensemble with a
timestep of 0.25 fs and the energy data points are
collected after every 5000 timesteps. For both defor-
mation modes, we plot the average the averaged
potential energy (kcal mole™) versus the pulling
displacement (microns) (Fig. 4a, b).

The energy variation versus pulling displacement
plot (Fig. 4a) of the shearing simulation shows an
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trough labelled 2 in blue) of a. ¢ Potential energy variation (kcal
mole™") versus the opening displacement (pm) as the fibers bend
relative to each other. d Snapshots of the bending deformation
corresponding to the peaks and troughs (labelled 1, 2, 3 and 4 in
blue) of c. The directions of shearing and opening are indicated
by red arrows
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initial linear profile symbolizing immense bending of
the chains initially starting to slide relative to each
other. This is accompanied by non-bonded interac-
tions between one bead of the first chain and the
adjacent bead of the neighboring chain. As the
resistive force imposed by the non-bonded energy
between the beads of the neighboring chains trying to
restrict the shearing increases, the beads are stretched
to the maximum extent as shown in Fig. 4b (labelled 1
in blue) corresponding to the first peak of Fig. 4a
(labelled 1). As the shearing continues, the same bead
reaches an equilibrium position (local minima) by
aligning itself with the next bead of the neighboring
chain as depicted by the schematic corresponding to
the first trough (labelled 2 in Fig. 4b). This stretching
of beads of adjacent chains followed by energy
stabilization continues with further progress of shear-
ing resulting in the zigzag amplitude of the energy
profile. The curvy nature stems from the hydrogen
bonding originating from the molecular level cellulose
chains. The facile breaking and reformation of hydro-
gen bonds cause resistance to the sliding chains, which
results in tremendous dissipation of energy. The
cascading effects of strong inter-fiber non-bonded
energy continue until the whole chain is pulled out,
which indicates failure.

Figure 4c shows the energy profile of two fibers
opening relatively to each other. Here, in the first part
of the potential energy variation versus the pulling
displacement (displacement from 0 to 0.175 pm), the
fibers bend and move away from each other while
trying to resist the opening deformation. The simula-
tion snapshot (labelled as 1 in Fig. 4d) demonstrates
the initial phase of the bending process corresponding
to the first peak of the energy profile (Fig. 4c). As
further opening is imposed, there is a steep drop in the
energy profile. It is mainly because the remaining part
cannot resist the bending and relax the potential
energy suddenly by partial separation (corresponding
to the label 2 of Fig. 4d) and adjusting their orientation
(right end of snapshot 2 (Fig. 4d) goes down). With the
further increase of opening deformation, the energy
profile rises again until it reaches a global maximum in
the energy profile (labelled as 3 in Fig. 4d), corre-
sponding to the further bending. When the remaining
part cannot maintain the bending again, the curve
drops suddenly drops suddenly due to stopping of the
bending and release of energy as the fibers straight-
ened (snapshot 4 in Fig. 4d). Due to the length of fiber

in our simulations, such an energy variation appears
twice until the two chains completely separate from
each other (labelled as 4 in Fig. 4d).

Furthermore, the CG modeling scheme is applied to
study the mechanical properties of a random network
of cellulose fibers, which is a reasonable estimate of
the material structure of cellulose nanopaper in
experiments (Zhu et al. 2015). Such a simulation is
crucial for revealing the deformation and failure
mechanisms of cellulose nanopaper that are chal-
lenging and/or impossible to capture in experiments,
and also cost prohibitive for fully atomic simulations.
To investigate the effect of cellulose fiber length on
the mechanical properties of cellulose nanopaper,
three random network models with an fiber length of
0.9 pum, 1.2 pm and 1.5 pm, respectively, are
constructed. The total number of Level-3 CG beads
in each of the three models are is 29,508 (£ 0.005%
tolerance) corresponding to 267,696,576 atoms. Fully
atomistic simulations of such a model size are
prohibitive. Experimental tensile tests are usually
performed by cutting thin strips of specimens from the
bulk sample which may result in broken fibers at the
edges. To accurately reproduce the experiments,
randomly oriented fibers are placed into a simulation
box of size 6 um by 1.5 pm by 0.1 pm and fibers are cut
if they protrude the simulation box. The minimum
length of the remaining small fiber is set to be larger
than 0.1 pm for the convergence of simulations. Each
CG model is relaxed using the conjugate gradient
algorithm to minimize the total energy of the system
by decreasing the total atomic forces less than 107"
eV/A, thus releasing the internal stress sufficiently.
After a relaxation with canonical ensemble, the left
and right ends (~ 1.5 pm from each end) are set as
rigid bodies to incorporate the effect of clamps in a
tensile testing machine. Uniaxial tension is applied by
pulling the right end (red arrows in Fig. 5a) at a
constant velocity of 0.001 Affs using a timestep of
0.25 fs under microcanonical ensemble, while the
other (left) end is kept fixed. Stress is calculated by
computing the sum of stress components of the mobile
segment of the model along the tensile loading
direction.

Figure 5a shows the deformation of one model of
randomly distributed cellulose fiber network where the
maximum length of each fiber is 1.2 pm. The initial
structure before application of tensile loading (strain =
0%) is shown in Fig. 5a (top panel). The random
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Fig. 5 CG modeling and mechanical behavior of cellulose
nanopaper films. a Deformation snapshots of a random network
of cellulose fibers made of Level-3 CG beads. The deformation
snapshots of the model, consisting of fibers having a maximum
length of 1.2 pum fiber, under tension (red arrows) is shown here.
The initial structure before deformation is shown in the top
panel. The snapshots corresponding to variable strains of 0.34%,
5% and 10% are labeled (I), (II) and (III), respectively.
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network is modeled on the hypothesis that thicker
cellulose fibers with the diameter in the range of 10-20
nm, as present in the current CG model, are relatively
shorter and straight, as evidenced by experimental
characterization in separate investigations (Usov et al.
2015). Three deformation snapshots of the model
under tensile loading are labeled (I), (II) and (III) in
Fig. 5a, corresponding to strains of 0.34%, 5% and
15%, respectively. When uniaxial tension is applied,
the randomly oriented cellulose fibers start to slide
apart from each other and non-bonded interactions,
mainly arising from hydrogen bonding among the
neighboring fibers, resist the sliding in between the
cellulose fibers until the stress-strain plot reach the
global maximum (label I). As the tensile strain
increases, the celloluse nanopaper elongates in tensile
direction and contracts in the perpendicular direction,
until cracks initiate at the edges which lead to stress
concentration and thus localized deformation in the
nanopaper (label II). Upon further tensile loading, the
localized deformation causes the cellulose fibers in the
severely deformed region to be more aligned with the
tensile direction. The failure of the cellulose nanopa-
per occurs when the cellulose fibers slide off from each
other in the localized deformation region (see supple-
mental videos). It is to be noted that no breakage of
cellulose fibers is observed in the simulations, which
asserts on the understanding that failure in cellulose
nanopaper is mainly due to inter-fiber sliding instead
of individual cellulose fiber fracture, largely due to the
superb mechanical properties of individual fibers (up
to 7.5 GPa of tensile strength) (Domingues et al.
2014). Similar deformation and failure behaviors are
also observed in the other two sets of CG modeling,
with a cellulose fiber length of 0.9 pm and 1.5 pm,
respectively. The simulation videos for the three
models are shown in the electronic supplementary
information.

Figure 5b plots the stress-strain curves of the three
models obtained from CG simulations, from which the
tensile strength and stiffness of the corresponding
cellulose nanopapers can be determined, as compared
in Fig. 5c. The specific strength of the cellulose
nanopaper increases as the cellulose fiber length
increases, e.g., 37.0 MPa cm3/gm, 45.25 MPa cm’/
gm, 54.38 MPa cm®/gm, for fiber length of 0.9 pm, 1.2
pm and 1.5 pm, respectively. It is acknowledged that a
fair comparison is difficult because of the diverse
processing conditions to fabricate the cellulose

nanopaper and hence, a clear illustration noting the
different fiber lengths as well as fiber diameters of
various experimental samples is included in Table S1
of the Supplementary Information. Our specific
strength values (37.0-54.38 MPa cm’/gm) agree
reasonably well with some previous literature (Se-
haqui et al. 2011; Yousefi et al. 2013; Motamedian
et al. 2019). Such a fiber length dependence of tensile
strength of cellulose paper can be attributed to the fact
that increasing degree of polymerization or length of a
cellulose fiber allows for more non-bonded interac-
tions between neighboring cellulose fibers, which in
turn lead to higher energy dissipation during the
tensile deformation and failure of the cellulose
nanopaper. In other words, longer cellulose fibers
can resist more tensile deformation as a higher energy
is required to fail the random network of cellulose
fibers, which corresponds to a higher tensile strength
with increasing cellulose fiber length. This is well
aligned with previous multi-scale crack bridging
models which emphasize that the absence of hydrogen
bonding is the primary factor in reducing the fracture
toughness drastically, thus leading to accelerated
failure in the cellulose nanopaper (Meng et al. 2017).
The oscillation of the stress-strain curves after the
tensile stress peaks results from the cascade of events
of hydrogen bond formation, breaking and reforma-
tion, as the cellulose fibers in the nanopaper model
slide relative to each other with the increase in the
tensile strain. Such oscillations from positive to
negative stress values at large strains (~12-30%)
can be observed in studies related to atomistic and
coarse-grained models (Wu et al. 2014)(Shishehbor
and Zavattieri 2019)(Sinko and Keten 2015) but hard
to be observed in the experimental test samples, due to
length scale effects. The stiffness of the cellulose
nanopaper increases modestly as the cellulose fiber
length increases, e.g., 7.25 GPa, 7.40 GPa, 8.35 GPa,
for fiber length of 0.9 pum, 1.2 pm and 1.5 pm,
respectively, which can be attributed to the higher
non-bonded interactions (e.g., hydrogen bonds)
between neighboring cellulose fibers. The range of
stiffness of cellulose nanopapers is well in line with
the experimental measurements (~ 7 to 11 GPa as in
Table S1 in supplementary information) (Sehaqui
etal. 2011; Zhu et al. 2015). The dependence of tensile
strength and stiffness of cellulose nanopaper on the
constituent cellulose fiber length revealed by the CG
simulations can serve as a quantitative guideline for
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designing cellulose nanopaper with desirable mechan-
ical properties.

Conclusions

In conclusion, we design a bottom-up, scalable CG
scheme that enables modeling of cellulose fibers
ranging from nanometers to microns at a low simu-
lation cost, a much sought capability in understanding
the deformation and failure mechanisms of cellulose
nanopaper that is otherwise impossible by fully
atomistic simulations. The CG scheme is validated
by fully atomistic simulations and employed to
investigate the behavior of cellulose fibers under
representative mechanical loads. Furthermore, a ran-
dom network of cellulose fibers in micron-scale in the
plane under tensile deformation is simulated by CG
scheme, a simulation task prohibitive for atomistic
modeling. The CG simulation of such a random
network of cellulose nanofibers offers crucial insights
on the in situ deformation and failure mechanisms of
cellulose nanopaper under tensile loading, which are
challenging to observe in experiments. Parametric
study using CG simulations reveals the dependence of
tensile strength and stiffness of cellulose nanopaper on
the length of constituent cellulose fiber, and offer
quantitative design guidance of cellulose nanomateri-
als. The bottom-up and scalable nature of the CG
scheme presented in this study might suggest its
broader applicability in simulating cellulose-based
materials with various feature sizes of material
building blocks, which in turn may facilitate the
design of cellulose materials with desirable mechan-
ical properties. Incorporating additional functional
groups as separate beads at Level-1 of the presented
CG scheme to include the effects of other molecules
such as hemicellulose and/or considering different
ambient conditions (e.g. humidity (Hou et al. 2020)),
and scaling it up till Level-3 may also form a basis for
prospective research which may aid in analyzing
mechanistic behavior of composite cellulose nanopa-
pers and other cellulose based bulk structural materials
(Guan et al. 2020), providing us the much needed
guidance into design of cellulose based functional
materials.
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